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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville
Degree _____Doctor of Philosophy______ College/Dept. __Science/Atmospheric and Earth Science_
Name of Candidate ___________Anthony Walter Lyza_____________________________________
Title An Initial Investigation of the Role of the Northeastern Alabama Plateaus in Modifying the
Near-Storm Environment of Potentially Tornadic Storms____________________________
The effects of terrain on tornadoes are poorly understood. Efforts to understand terrain
effects on tornadoes have been limited in scope, typically examining a small number of cases with
limited observations or idealized numerical simulations. One region where topography has been
thought to potentially impact tornado frequency is along the Sand Mountain and Lookout Mountain
plateaus in northeastern Alabama. It has been suspected that storms often intensify and produce
tornadoes upon reaching these plateaus, particularly Sand Mountain. The role of these plateaus in
modifying the near-storm environment and storm evolution became a focus of the VORTEX-SE field
campaign beginning in Fall 2016.
This dissertation investigates the statistics of tornadoes around Sand Mountain and Lookout
Mountain and how the near-storm environment evolves atop the plateaus relative to surrounding
areas. Results indicate that Sand Mountain and Lookout Mountain form a local statistical maximum
in tornadogenesis reports from 1992-2016. Substantial variation can exist in the boundary layer
environmental profiles between the plateaus and the Tennessee Valley. Significant horizontal
variability in flow exists over Sand Mountain, particularly along the northwestern edge. Stormrelative helicity (SRH) can be enhanced atop the plateaus, particularly when the upstream mountain
Froude number is supportive of parcels moving over the plateaus as opposed to being blocked. In
addition, a downslope wind enhancement along the northwestern slope of Sand Mountain can
develop, which can serve to further enhance SRH on the northwestern portion of Sand Mountain.
Lifting condensation level (LCL) heights are nearly ubiquitously lower relative to ground level atop
the plateaus than in the valley.
iv

This dissertation describes the evidence supporting these effects, as well as potential caveats
to these findings. How these environmental variations may impact storm evolution are described,
including an assessment of preliminary observations of supercell rear-flank downdraft buoyancy
changes that may be related to the observed LCL height differences. Operational impacts of these
results are discussed. The final product is a refined hypothesis of how the plateaus impact the near
storm environment of potentially tomadic storms in northeastern Alabama and suggested future work
toward understanding the terrain-related near-storm environmental variations and storm-scale effects.
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CHAPTER 1

INTRODUCTION1

The problem of how topography may influence the evolution of tornadic storms is of
particular interest in the southeastern United States, where the climatological maximum in major
tornado activity (Coleman and Dixon 2014) intersects significant topography (and surface roughness)
located at the southern end of the Appalachian Mountain system. The Sand Mountain and Lookout
Mountain plateaus in northeastern Alabama form the southern end of the larger Cumberland Plateau
system than extends into East Tennessee and eastern Kentucky (Fig. 1.1). Together, Sand Mountain,
Lookout Mountain, and the narrow, shallow Wills Valley that separates the two plateaus (hereafter
collectively referred to as the Southern Cumberland System or SCS for brevity) lie within an apparent
climatological maximum in tornado activity that extends to its southwest into western and central
Alabama and to its northeast into southern East Tennessee (Fig. 1.2).
The SCS resides at the northeastern edge of one of the most tornado-prone regions in the
United States. This corridor, colloquially referred to as “Dixie Alley” (Dixon et al. 2011), spans from
central Mississippi to northern Alabama and is the most vulnerable region in the United States to
tornadoes due to several risk factors. These risk factors are multifold and rooted in both
meteorological and sociological causes. The longevity, size, and intensity of tornadoes in Dixie Alley
are among the most severe of any region in the United States, with a particular disparity in path length
(and, thus, area exposed to tornado winds) in Dixie Alley versus the Great Plains or the Midwest

Much of the information presented in this dissertation is published or in the process of being
published in peer-reviewed literature. For more information, see the appendix (page 115).

1

1

Figure 1.1: A map highlighting the location of the southern Cumberland system (SCS) across
northeastern Alabama, far northwestern Georgia, and a sliver of southern East Tennessee. The Sand
Mountain and Lookout Mountain plateaus are labeled, with the Wills Valley dividing them and the
Tennessee Valley situated just northwest of Sand Mountain just outside the northwestern edge of the
SCS. The locations of the Scottsboro and Albertville surface observing sites and the RAP/RUC
sounding site at Anniston are also denoted.
(Coleman and Dixon 2014). Societal factors, such as population density, mobile home stock, the lack
of a well-defined tornado season, and the nocturnal timing of many southeastern United States
tornado events compounds the vulnerability of the population to these large, destructive tornadoes, as
well as a high occurrence of tornado activity overall (Ashley 2007, Ashley et al. 2008, Kis and Straka
2010, Ashley and Strader 2016, Krocak and Brooks 2018, Strader and Ashley 2018).
Furthermore, an analysis of tornadogenesis patterns for the tornadoes that have impacted the
SCS reveals that a distinct concentration of tornadogenesis events has occurred along the
northwestern edge of the SCS, known as the Sand Mountain plateau (the largest constituent of the
2

Figure 1.2: Overview map of official tornado tracks across a portion of the southeastern United States
from 1992-2016, with the SCS highlighted in blue.
SCS by land area, Fig. 1.3). Of the 79 tornadoes that affected the SCS from 1992-2016, 51 formed
atop the Sand Mountain plateau. Of those 51 tornadoes, 24, or 47%, formed within 5 km of the
northwestern edge, which represents roughly 20% of the plateau surface area (typical width of
approximately 25 km). By comparison, only 10 total tornadogenesis events of any parent storm mode
have been recorded in the adjacent portion of the Tennessee Valley, a valley that spans approximately
5 to 10 km in width between the northwestern edge of Sand Mountain and the rough hills and small
mountains of northern Marshall and northwestern Jackson counties, during the same time period from
1992-2016. The valley contains more substantial population centers than the northwestern edge of
the plateau, which suggests this difference in tornadogenesis density is not likely caused by
population density bias.
3

Figure 1.3: Tornadogenesis locations for all tornadoes that impacted the SCS from 1992-2016. All
dots (red, green, and purple) collectively represent all SCS tornadoes, red and green dots represent
tornadoes that formed atop Sand Mountain, and green dots represent tornadoes that formed atop Sand
Mountain within 5 km of the northwestern slope.
The Verification of the Origins of Rotation in Tornadoes Experiment - Southeast (VORTEX-SE) was
initiated in 2016 to investigate the unique physical and societal impact problems posed by tornadoes
in the Southeast (NSSL 2019). Studying the role of the SCS in modifying the near-storm
environment became a focus of VORTEX-SE during the year-2 field campaign season (Fall 2016
through Spring 2017). This dissertation summarizes the work completed prior to Fall 2016 to
understand the possible ways in which the SCS could affect the near-storm environments of tornadic
storms and to develop hypotheses to test during the year 2 VORTEX-SE field campaign. The
primary goals of this study are (i) to learn what, if any, physical processes may drive the statistical
maximum in tornadogenesis reports atop the SCS; and (ii) to determine if these processes, if they
4

exist, manifest themselves in ways that can be identified in an operational setting to aid in warning
decision making. Field observations gathered prior to, during, and after year 2 of VORTEX-SE are
aggregated and summarized. These observations are compared to numerical simulation results to
refine a broader hypothesis as to how the near-storm environment atop the SCS plateaus may be more
conducive to tornadogenesis than surrounding areas. The operational utility of these findings and
necessary future work to further refine the understanding of how the SCS affects deep convection and
tornado potential are discussed.
Chapter 2 of this study details the backgrounds of severe storm meteorology and meteorology
in significant topography, while Chapter 3 summarizes the motivation for studying the SCS in the
context of past research. The data sources and methodology used to study the SCS are described in
Chapter 4. Chapter 5 summarizes findings from observations gathered around the SCS, while
Chapter 6 discusses numerical simulation results. Chapter 7 compares and expands upon the
observational and numerical simulation results and places them in the broader context of how they fit
into the larger scale severe storm environment. Finally, Chapter 8 summarizes the conclusions of the
study and discusses some potential avenues for future work that would further the understanding of
how the SCS may impact potentially tornadic storms.
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CHAPTER 2

BACKGROUND

2.1 Severe Storm Environments and Dynamics

2.1.1 Sources of Rotation in Deep Moist Convection
Supercells (e.g. Browning 1964) and QLCSs are the two primary causes of tornadoes across
the SCS. Mid-level supercellular rotation is primarily acquired by the ingestion of streamwise
vorticity (Davies-Jones 1984). Rotunno (1981; hereafter R81) showed that the time rate of change of
vorticity for an anelastic, incompressible fluid can be written as

⃑⃑⃑
𝜕𝜔
𝜕𝑡

⃑ ∙ ∇𝜔
⃑ + ∇ × B𝑘̂,
= −𝑉
⃑ +𝜔
⃑ ∙ ∇𝑉

(2.1; R81 Eqn. 4)

⃑ is the three-dimensional wind velocity vector, 𝜔
where 𝑉
⃑ is the three-dimensional vorticity vector,
and 𝐵 is buoyancy. Equation 2.1 indicates that three primary mechanisms are responsible for the
local tendency of vorticity at a given point: advection of vorticity, tilting and stretching of preexisting vorticity, and generation of vorticity along a horizontal gradient in buoyancy (baroclinic
generation). From Eqn. 2.1, the vertical component of vorticity can thus be written as

𝜕𝜁
𝜕𝑡

⃑ ∙ ∇ζ + 𝜔
= −𝑉
⃑ ∙ ∇𝑤,
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(2.2; R81 Eqn. 5)

where ζ is vertical vorticity and 𝑤 is vertical velocity. Similar to Eqn. 2.1, the first term of Eqn. 2.2 is
the advection of vertical vorticity, while the second term can be decomposed as

𝜕𝑤

𝜔
⃑ ∙ ∇𝑤 = ⃑⃑⃑⃑⃑
𝜔ℎ ∙ ∇ℎ 𝑤 + ζ 𝜕𝑧 .

(2.3)

Term 1 on the RHS of Eqn. 2.3 represents the tilting of horizontal vorticity into the vertical; and term
2 on the RHS of Eqn. 2.3 represents the stretching of pre-existing vertical vorticity. Horizontal
vorticity can be decomposed into two primary components: crosswise and streamwise. Crosswise
vorticity is the component of horizontal vorticity ⃑⃑⃑⃑⃑
𝜔ℎ that lies perpendicular to the storm-relative mean
⃑⃑⃑⃑ℎ creates a stormenvironmental wind ⃑⃑⃑⃑
𝑉ℎ − 𝐶 (where 𝐶 is the storm motion, and subtracting 𝐶 from 𝑉
⃑⃑⃑⃑⃑ℎ that lies
relative, Lagrangian reference frame), and streamwise vorticity is the component of 𝜔
parallel to ⃑⃑⃑⃑
𝑉ℎ − 𝐶 . Both the streamwise and crosswise components of horizontal vorticity are initially
tilted by an updraft, forming both a maximum and minimum in ζ within the horizontal gradient of
vertical motion surrounding the axis of the updraft. For the streamwise component, the positive
𝜕𝑤

vertical vorticity perturbation is then advected into the updraft, which leads to the stretching term ζ 𝜕𝑧
becoming greater than zero and additional vertical vorticity being generated. For crosswise vorticity,
neither vertical velocity perturbation is advected into the updraft; the advection terms works at a right
⃑ ∙ ∇ζ = 0 into the initial updraft and no vertical
angle to the storm-relative inflow. Therefore, −𝑉

vorticity is acquired (Fig. 2.1; Klemp and Rotunno 1983, hereafter KR83; Markowski and Richardson
2010, hereafter MR10).
Storm-relative helicity (SRH) is a common metric utilized to estimate the amount of
streamwise vorticity (Lilly 1986, Davies-Jones et al. 1990). Helicity is defined mathematically as

⃑ ∙𝜔
𝐻=𝑉
⃑.

(2.4; Lilly 1986 Eqn. 1)
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Figure 2.1: Illustration of the evolution of tilting and advection of (a) crosswise vorticity and (b)
streamwise vorticity (Fig. 8.30 from MR10).
The storm-relative value of helicity for an updraft with no initial vertical vorticity can be formulated
simply by taking the horizontal component of H and subtracting storm motion from the horizontal
wind vector as follows:

⃑⃑⃑⃑ ∙ 𝜔
⃑⃑⃑⃑ℎ − 𝐶)
𝐻𝑆𝑅 = (𝑉
⃑⃑⃑⃑⃑ℎ .

(2.5)

SRH is commonly defined as the integral of Eqn. 2.5 through a fixed depth:

𝑑
⃑⃑⃑⃑ℎ − 𝐶 ) ∙ 𝜔
𝑆𝑅𝐻 = ∫0 (𝑉
⃑⃑⃑⃑⃑ℎ 𝑑𝑧.
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(2.6; MR10 Eqn. 8.14)

As seen in Eqn. 2.6, SRH and streamwise vorticity are closely related through the dot product of
storm-relative wind to the horizontal vorticity vector, which represents the product of the stormrelative flow and the components of horizontal vorticity that are parallel to their respective stormrelative flow components. While SRH is most physically linked to the mid-level mesocyclones of
supercells, observations suggest that low-level SRH, particularly in the 0-to-1-km-AGL layer, is at
least weakly related to the potential for tornadoes (Rasmussen and Blanchard 1998).
Although environmental streamwise vorticity is the primary source of ζ in the mid-level
mesocyclones of supercells and at least loosely related to tornado potential, it does not readily explain
the development of robust low-level rotation. Recall from Eqn. 2.1 that the horizontal gradient of
buoyancy B also serves as a generation term for ⃑⃑⃑⃑⃑
𝜔ℎ . KR83 found that baroclinic generation and
streamwise ingestion of vorticity along a supercell’s forward-flank downdraft (FFD) gust front
(FFDGF) is a leading source of low-level vorticity in a mesocyclone. The baroclinic generation of
horizontal vorticity can be estimated as

𝑔 𝜕𝜃 ∆𝑠
,
0 𝜕𝑛 𝑣𝑠

∆𝜔𝑠 ≈ 𝜃

(2.7; from KR83)

where ∆𝜔𝑠 is the horizontal vorticity generated along the s-direction (parallel to storm motion/inflow)
and n is direction perpendicular to storm motion/inflow along the FFDGF. The low-level nature of
the FFDGF and the magnitude of ∆𝜔𝑠 indicate the importance of the FFDGF-generated horizontal
vorticity in the development of low-level rotation within supercells.
The generation of leading-edge mesovortices within QLCSs is notably less-understood than
the formation of mesocyclonic rotation in supercells. Several hypotheses have been developed to
explain the genesis of these vortices. One leading hypothesis has been the release of horizontal
shearing instability (HSI) along the leading edge gust fronts of QLCSs (e.g. Przybylinski 1995).
Trapp and Weisman (2003, hereafter TW03) performed idealized numerical simulations of warm9

season QLCSs to identify mesovortex generation mechanisms. The simulations indicated two forms
of mesovortex genesis: 1) the baroclinic generation of ⃑⃑⃑⃑⃑
𝜔ℎ along the leading-edge gust front, which is
tilted downward by a local downdraft; and 2) the shear generation of 𝜔
⃑⃑⃑⃑⃑ℎ between the ground and the
peak of the rear inflow jet (RIJ), which is then tilted by downward motion at the leading edge of the
QLCS. In both cases, the generated vorticity is crosswise in nature, and mesovortex couplets of
cyclonic and anticyclonic vertical vorticity result, with case (1) leading to an anticyclonic mesovortex
to the left of the storm motion vector and a cyclonic mesovortex to the right of the storm motion
vector and case (2) leading to a cyclonic mesovortex to the left of the storm motion vector and an
anticyclonic mesovortex to the right of the storm motion vector. Observations in Wakimoto et al.
(2006) indicated the likely generation of mesovortex couplets consistent with case (1) mesovortex
genesis from TW03 in the 5 July 2003 case during the Bow Echo and Mesoscale Convective Vortex
(MCV) Experiment (BAMEX; Davis et al. 2004).
Atkins and St. Laurent (2009, hereafter AS09) found two additional potential formation
mechanisms for QLCS mesovortices in numerical simulations. The first mechanism involved the
generation of ⃑⃑⃑⃑⃑
𝜔ℎ through environmental shear and through buoyancy along the gust front.
Environmental-shear-driven ⃑⃑⃑⃑⃑
𝜔ℎ was tilted by the leading-edge updraft and advected by the stormrelative inflow, while the baroclinically driven ⃑⃑⃑⃑⃑
𝜔ℎ is also tilted by the leading-edge updraft but
advected into it by the along-gust-front feeder flow. The result is that both sources of vorticity are
streamwise in nature, allowing for collocation of the updraft and advected ζ, and for additional
generation of ζ via stretching. The end product of this generation mechanism is the formation of only
cyclonic mesovortices. AS09’s second mesovortex generation mechanism is similar to the first
mechanism identified by TW03, only that the baroclinically-induced ⃑⃑⃑⃑⃑
𝜔ℎ is tilted upward by a local
updraft instead of downward by a local downdraft. The result of this generation of crosswise vorticity
is a cyclonic mesovortex to the left of the storm motion vector and an anticyclonic mesovortex to the
right of the storm motion vector, the opposite of the first case from TW03. Both TW03 and AS09
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discount the role of HSI in the development of mesovortices, but neither paper attempted to simulate
QLCSs in cold season, low instability environments. In the simulation of a cold season QLCS case
from the Laurentian Great Lakes region on 24 October 2001, Wheatley and Trapp (2008, hereafter
WT08) did identify HSI release as a potential mechanism for QLCS mesovortex development. HSI
was also cited as a likely mesovortex generation mechanism in a cold-season tornadic QLCS in
northeastern Alabama on 4 January 2015 in Conrad and Knupp (2019). Lyza et al. (2017) detailed
the case of the second 30 June 2014 Midwestern derecho, in which 38 mesovortices, all cyclonic,
were documented. The all-cyclonic nature of the vortices may support that either the AS09
streamwise, HSI, or some combination of the two generation mechanisms were prevalent during the
event. In either the case of the AS09 streamwise vorticity or in the case of HSI release, changes in
the environmental wind profile could potentially lead to enhanced mesovortex generation and tornado
potential.
While the FFDGF has been shown to be vital to the development of low-level supercellular
mesocyclones, other boundaries in the antecedent environment have also been found to contribute to
low-level rotation and tornado potential in both supercells and QLCSs. Markowski et al. (1998;
hereafter M98) and Rasmussen et al. (2000; hereafter R00) established that boundaries aside from the
FFDGF and the corresponding rear flank downdraft gust front were apparent contributors to the
probability of tornadogenesis during the original Verification of the Origins of Tornadoes Experiment
(VORTEX) field campaign (Rasmussen et al. 1994). M98 found that approximately 70% of the
tornadoes observed during VORTEX occurred in the association with boundaries external to their
parent supercells, and R00 found that the significant tornadoes observed on 2 June 1995 in the Texas
panhandle were all closely associated with a thermal boundary in the environment. Both studies
assert the likely role of baroclinically generated horizontal vorticity as being crucial to the enhanced
rotation and development of tornadoes within the observed supercells. Przybylinski et al. (2000)
extended the idea of boundary interactions to QLCS mesovortices, implicating enhanced horizontal
vorticity and ingestion in the development and intensification of mesovortices. Numerical
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simulations by WT08 showed that while antecedent boundaries can play a role in mesovortex
intensification, they do not likely play a role in their formation. Additionally, their simulations
indicated that the primary cause for intensification of mesovortices intersecting thermal boundaries
was the additional low-level convergence and stretching of vertical vorticity along the boundary and
not the baroclinic generation of horizontal vorticity.

2.1.2 Environmental Impacts on Rear-Flank Downdrafts and their Role in Tornadogenesis
While environmental and buoyancy-generated vorticity are primary contributors to
mesocyclone rotation in supercells and mesovortex rotation in QLCSs, these quantities are
insufficient for explaining tornadogenesis. A primary reason for this is that tilted 𝜔
⃑⃑⃑⃑⃑ℎ can only
contribute to ζ at heights above the origination level of the ⃑⃑⃑⃑⃑
𝜔ℎ (Davies-Jones and Markowski 2013).
Therefore, ζ at ground level cannot result from the upward tilting of ⃑⃑⃑⃑⃑
𝜔ℎ . If near-surface ζ is to
originate from the tilting of 𝜔
⃑⃑⃑⃑⃑ℎ , it must originate from the downward tilting of ⃑⃑⃑⃑⃑
𝜔ℎ , not upward tilting.
To that end, the rear-flank downdraft (RFD) region of supercells has been identified as a key
component to tornadogenesis in supercell storms, a finding initially suggested by Brandes (1978).
Straka et al. (2007) indicated the potential for baroclinically-generated horizontal vorticity to be tilted
downward into an arch of vorticity, with the cyclonic leg of the arch advected into the mesocyclonic
updraft and stretched into the tornado circulation. Though this is but merely one possible explanation
for how the vertical vorticity for tornadogenesis is acquired, it highlights the importance of
understanding how environmental conditions may impact the evolution of a supercell’s RFD and the
potential for tornadogenesis to occur.
One RFD characteristic that has shown to have a strong relationship to supercellular
tornadogenesis is the buoyancy of the RFD, owing to the apparent necessity of RFD parcel to be
ingested into the supercell mesocyclone for tornadogenesis to occur. Results from the VORTEX I
field campaign and from additional field observations thereafter indicated a strong relationship
between the buoyancy of RFDs and their propensity for being nontornadic, weakly-tornadic, and
12

strongly-tornadic (Markowski et al. 2002, hereafter M02). M02 found that virtual potential
temperature (θ𝑣 ) perturbations in the regions of supercell hook echoes closest to the tornado
circulations of significant tornadoes generally ranged from -0.8 to -2.7 K, with weak tornadic
supercells and nontornadic supercells featuring progressively colder perturbations of -3.4 to -5.0 K
and -4.7 to -6.4 K, respectively (Fig. 2.2). Additionally, M02 found that surface dewpoint
depressions (T𝑑𝑑 ) in the environment were closely correlated to RFD values (Fig. 2.3), indicating the
potential link between environmental thermodynamics and the potential for a supercell to produce a
tornado. This connection is likely through the sub-cloud evaporation of precipitation in environments
of lower boundary-layer relative humidity leading to more negatively-buoyant RFD air and increased
resistance to parcel ascent. These results are supported by Craven and Brooks (2004), which showed
that incidents of significant tornadoes decreased as mixed-layer lifted condensation level (MLLCL)
height increased. LCL height and T𝑑𝑑 can be approximately linked by the following equation from
Lawrence (2005, hereafter L05):

𝑧𝐿𝐶𝐿 ≈ 125(𝑇 − 𝑇𝑑 ),

(2.8; Eqn. 22 from L05)

where T and Td are temperature and dewpoint in °C, respectively, and 𝑧𝐿𝐶𝐿 is the LCL height in
meters. Errors of 2% or less can be found for T from 0 to 30°C and relative humidity > 50%.

2.2 Flows in the Vicinity of Topography
A key component to the proposed research is an understanding of how topography can
influence different flow regimes. As mentioned in Section 2.1, variations in flow may significantly
impact SRH, environmental vertical vorticity generation, and convergence, all of which may
substantially impact convective evolution. For this proposed research, the effects of topography on
atmospheric flows will focus on two primary subjects: acceleration or blocking of flow across a
topographic feature and the channeling of flow within valleys.
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Figure 2.2: Mean (standard deviation) values of surface perturbation thermodynamic values observed
in supercells during and after the VORTEX field campaign for significantly, weakly, and nontornadic supercells. Figure 12 from M02.
The effects of an obstacle on a two-layer stratified flow system are summarized in Rottman
and Simpson (1989, hereafter RS89). Four flow regimes encompass how flow may behave in such a
system: subcritical, supercritical, partially-blocked, and completely-blocked flow (Fig. 2.4). In
subcritical flow, the stratification interface dips toward the obstacle, leading to a conversion of

14

Figure 2.3: Scatterplot, linear regression, and correlation coefficient (r) of perturbation θ𝑣 vs. surface
T𝑑𝑑 . Figure 15 from M02.
potential energy to kinetic energy and a net acceleration in flow in the bottom stratified layer, which
then decelerates back to its original flow speed after passing over the obstacle. Supercritical flow
consists of an upward displacement of the stratification boundary between the two fluid layers,
leading to a conversion of kinetic energy to potential energy and a deceleration of flow over the
obstacle in the bottom fluid layer, which is eventually accelerated back to its original speed upon
passing over the obstacle. In partially-blocked flow, the lower fluid layer approaches an obstacle in a
subcritical state, experiencing the initial acceleration associated with subcritical flow reaching an
obstacle. However, as the fluid passes over the obstacle, it transitions to a subcritical state, which
15

Figure 2.4: Schematic of flow regimes for a two-layered system over an obstacle. Figure 2 from
RS89.
leads to further acceleration of flow as it passes the crest of the obstacle. The flow on the lee of the
obstacle, therefore, is much faster than the flow on the windward side. A hydraulic jump forms
downwind from the lee of the obstacle to restore the flow back to a subcritical state. Durran (1990)
illustrates the energy conversions of these three phases (Fig. 2.5). In completely-blocked flow, no
fluid from behind the obstacle can make its way over and ahead of the obstacle and a hydraulic jump
forms in the lower fluid layer ahead of the obstacle.
The type of flow observed in a stratified atmosphere over an obstacle is generally defined by
the mountain Froude number and a nondimensional height parameter. The mountain Froude number
is defined as
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Figure 2.5: Diagram of energy conversion over a two-dimensional terrain feature for (a) supercritical
flow, (b) subcritical flow, and (c) partially-blocked flow. Figure 4.5 from Durran (1990).

𝐹𝑜 =

𝑈
1 ,
(𝑔′ ℎ0 ) ⁄2

(2.9; from RS89)

where 𝑈 is the environmental wind perpendicular to the primary axis of the terrain feature, ℎ0 is the
initial height of the lower fluid layer, and 𝑔′ is a reduced gravity defined as

𝑔′ = 𝑔

𝜌1 −𝜌2
,
𝜌1

(2.10; from RS89)
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where 𝑔 is the gravitational constant (9.81 m2 s-2), 𝜌1 is the density of the lower fluid layer, and 𝜌2 is
the density of the upper fluid layer. The nondimensional height Do is defined as

𝑑

𝐷𝑜 = ℎ𝑜 ,

(2.11; from RS89)

0

where 𝑑𝑜 is the height of the obstruction. The curves delineating the flow regimes (Fig 2.4) can be
defined as follows:

𝐶𝑢𝑟𝑣𝑒 𝐵 − 𝐴 − 𝐷:

𝐶𝑢𝑟𝑣𝑒 𝐴 − 𝐸:

𝐷𝑜 =

𝐶𝑢𝑟𝑣𝑒 𝐵 − 𝐶:

3

𝐷𝑜 = 1 − 2 𝐹𝑜

2⁄
3

1

+ 2 𝐹𝑜 2 ,

(2.12; Eqn. 2.1 from RS89)

3⁄
1 3 2
− − 𝐹𝑜 ⁄3 +{1+(1+8𝐹𝑜 2 ) 2 }
4 2

, and

16𝐹𝑜 2

1 (1+𝐷𝑜 ) 1⁄
} 2,
𝐷𝑜

𝐹𝑜 = (𝐷𝑜 − 1){2

(2.13; Eqn. 2.2 from RS89)

(2.14; Eqn. 2.2 from RS89)

where A, B, C, D, and E, correspond to the locations in Fig. 2.4.
According to Vosper et al. (2002; hereafter V02), two Froude numbers must be considered in
tandem to address flow behavior over quasi-two-dimensional terrain in a constantly stratified
atmosphere (i.e. not in a distinct two-fluid layer system). These Froude numbers are defined as

𝐹𝑟𝐻 =

𝑈
,
𝑁𝐻

(2.15, from V02)

𝑈𝜋

(2.16, from V02)

and

𝐹𝑟𝐿 = 𝑁𝐿 ,
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where U is the terrain-perpendicular wind component, N is the Brunt-Vaisala frequency, H is the
height of the terrain feature, and L is the width of the terrain feature. According to V02, FrH ≥ 1
indicates that gravity waves will follow linear theory, whereas non-linear processes such as flow
splitting, flow blocking, and wave breaking may dominate at FrH < 1. FrL determines whether or not
internal gravity waves form. If FrL ≤ 1, then a real vertical wavenumber is realized and gravity waves
form, whereas FrL > 1 indicates that the vertical wavenumber is imaginary and waves are evanescent
in the vertical direction.
If the atmosphere is neutrally stratified, the atmosphere over the terrain feature can be divided
into an inner layer and an outer layer, where the inner layer is dominated by turbulent momentum flux
divergence and the outer layer is dominated by inertial forces. Flow over a terrain feature in a neutral
atmosphere reaches a maximum U perturbation in the inner region over the crest of the terrain feature
(V02). In the situation where the atmosphere is weakly stable but linear theory is valid (Fr H >> 1),
two possible outcomes exist. If FrL > 1, then flows acts very similarly to the neutral stratification
cases, where a maximum in inner region flow is reached at the crest of the terrain feature. If FrL ≤ 1,
however, gravity waves can form in the outer region, leading to pressure perturbations that can
increase surface (inner layer) winds downwind of the crest of the terrain features. As FrL continues to
decrease, the downwind acceleration of flow can increase until it surpasses the peak in flow at the
crest and develops into a downslope windstorm or wind enhancement.
The other aspect of terrain-modulated flow of particular interest to this study is the
channeling of flow within a valley. Whiteman and Doran (1993, hereafter WD93) overview four
separate causes for the channeling of flow within valleys. The first form of channeling is thermal
channeling, where along-valley differences in heating/cooling along the valley, leading to up-valley
flow during the day and down-valley flow during the night. The second channeling
mechanism is downward momentum transport, in which flow from above the valley is transported
downward and turned toward the lower pressure within the valley (usually resulting in a turn in the
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flow about 25° up-valley). The third form of terrain channeling is “forced channeling”, where air is
forced to flow along the valley axis by the valley walls. The up-valley or down-valley directionality
of forced channeling depends on the direction of the geostrophic flow above the valley. The fourth
and final form of terrain channeling is pressure-induced channeling, where flow is modified by the
along-valley geostrophic pressure gradient. This channeling often leads to countercurrents of flow
against the prevailing along-valley component of geostrophic flow in the environment. These
behaviors are summarized in Fig. 2.6.

Figure 2.6: Illustration of variations in flow within valleys caused by different channeling
mechanisms. Figure 1 from WD93.
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2.3 Past Studies of the Role of Topography on Tornadic Storms
The role of underlying topography on tornado behavior has long been a subject of folklore in
the United States (e.g. Doswell 2014; McDonald 2014), but the effects of topography on the evolution
of severe thunderstorms and tornadoes are not well-understood. Though it has been the subject of
many myths across tornado-prone regions of the United States, little comprehensive study has been
executed on specifically how substantial topographic features may impact severe convection and
tornadoes, including the mesoscale environment. Most observational studies investigating the impact
of topography on severe storm or tornado behavior have focused on singular events, such as studies of
the role of flow channeling up the Hudson River valley in modifying the near-storm environment of
tornadic storms on 29 May 1995 (Bosart et al. 2006) and 31 May 1998 (LaPenta et al. 2005), but the
conclusions of these studies are based on limited observations. Additional observational case studies
have been performed on the role of topography on tornadic storms in the mountains around
Huntsville, Alabama (Goodman and Knupp 1993, Knupp et al. 2014), the Sacramento Valley of
northern California (Braun and Monteverdi 1991), the Grand Teton Mountains and Yellowstone
National Park in western Wyoming (Fujita 1989), the Appalachian Mountains of central Pennsylvania
(Forbes 1998), the Rocky Mountains of northern and central Colorado (Nuss 1986, Bluestein 2000),
the Rocky Mountain foothills of northern Colorado and southern Wyoming (Geerts et al. 2009),
rolling hills across central Alabama (Karstens et al. 2013), the Cumberland Plateau and Great
Tennessee Valley of East Tennessee (Gaffin and Parker 2006, Schneider 2009, Shamburger 2012),
and the Sequoia National Park in California (Monteverdi et al. 2014). More recent work has focused
on using mobile Doppler radar and data from WSR-88D radar sites in a geographical information
system (GIS) framework in order to seek correlations between topography and land surface roughness
and tornado intensity (Houser et al. 2017). Results from the Houser et al. study showed statisticallysignificant relationships between land elevation and tornado intensity for a limited number of
tornadoes sampled by mobile radars over small terrain variations (a few tens of meters), but those
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relationships were split evenly between events where higher elevations were correlated to higher
intensity and events where lower elevations were correlated to higher intensity.
Likewise, numerical simulation studies of the role of topography on tornadic or potentiallytornadic storms are also limited. Markowski and Dotzek (2011, hereafter MD11) performed idealized
numerical simulations of supercells moving over significant topographic features and their near-storm
environments using the Bryan Cloud Model 1 (CM1; Bryan and Fritsch 2002). A tendency for
increased convective inhibition (CIN) at lower elevations and modifications of shear due to flow
changes in the near-storm environment around the topographic features were noted in the CM1
simulations. Lewellen (2012) undertook large eddy simulation (LES) of idealized tornado-scale
vortices over various terrain features and found variations in vortex behavior based on the type and
orientation of terrain. A somewhat common feature in the simulations was the event of a corner flow
collapse (Lewellen and Lewellen 2007), where a collapse in the corner region of the tornado vortex
(where radial flow transitions to vertical flow) leads to a rapid increase in the convergence of angular
momentum at the surface, leading to a rapid intensification of the tornado vortex near the surface.
The occurrence of corner flow collapse, however, has never been observed in nature (Bluestein et al.
2014), which, compounded by the numerous outcomes of the LES simulation, leads to considerable
variability and uncertainty in determining how topography may directly impact tornado structure.
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CHAPTER 3

MOTIVATION

3.1 Statistical Analysis of Tornadogenesis Clustering in the Southern Cumberland System
To determine whether or not the apparent clustering of tornadogenesis points along the
northwestern side of Sand Mountain detailed in Chapter 1 is statistically significant, an optimized hot
spot analysis of tornadogenesis clustering was performed using the ArcGIS software package
(ArcGIS 2019). The optimized hot spot analysis utilizes the Getis-Ord local statistic (Gi*; Getis and
Ord 1992) to identify areas of clustered occurrence of an event within a domain. Because Gi* is a zscore, a corresponding p-value and confidence level can be computed to test for statistical
significance of a potential cluster of events. The optimized hot spot analysis was performed for a
domain defined as a region within 250 km of the SCS. This domain, although somewhat subjective
in its selection, was employed in order to allow for a meaningful result to be gained through the
analysis by balancing the resolution at which the analysis was performed while maintaining a sample
size necessary for statistically significant results. In performing the hot spot analysis for equally sized
polygon cells, the optimized hot spot analysis increases the cell size with increasing domain size.
Therefore, defining a larger domain would decrease resolution in the analysis and promote aliasing of
smaller-scale hot and cold spots, whereas using a smaller domain would lead to sample size issues
and a lack of ability to generate statistically-significant results. After the Gi* scores and p-values are
calculated, a false discovery rate correction (e.g. Ventura et al. 2004) is performed in order to reduce
the chances of falsely identifying cells as being statistically significant hot or cold spots.
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The optimized hot spot analysis domain yielded an analysis performed at a cell size of 123.09
km2, or a length of 11.09 km per side of each square cell. A large swath of cells from west-central
Alabama, near Tuscaloosa, to north-central and northeast Alabama and southern Middle Tennessee
were identified as hot spots at a 99% confidence interval for the domain consisting of the area within
250 km of the SCS (Fig. 3.1a). At first glance, this result may seem to suggest that the SCS is simply
part of a larger region representing a climatological maximum of tornadogenesis, when compared to
the entire analysis area. While the SCS does lie within a larger region of more frequent tornado
activity, a closer inspection of the p-values associated with each cell indicates that two relative pvalue minima (and corresponding confidence level/statistical significance maxima) exist within this
broad cluster of hot spot cells (Fig. 3.1b). The absolute maximum, with p- value minima of O(10-12)
or less, exists from the west edge of Huntsville, Alabama, westward to near Florence, Alabama.
Given that the p-values are inversely proportional to the confidence level at which the null hypothesis
(that a given cell does not represent a hot spot in tornadogenesis) can be rejected, the p-value minima
represent cells where there is a maximum in confidence that a tornadogenesis hot spot is represented.
Though this area may be produced by both physical and sociological causes, it will not be discussed
further in this study.
The second relative maximum in tornadogenesis is identified over the northwestern portion of
the SCS, with a p-value minimum magnitude of O(10-10). The minimum pixels are located within one
of the least-densely populated portions of the SCS, northeast of Albertville, Alabama. Furthermore,
the extension of hot spot cells with at least 90% confidence all the way up the SCS to Chattanooga,
Tennessee, is particularly notable given the lack of tornadogenesis points evident in immediately
adjacent areas to the north of the SCS, some of which were included in the analysis of those cells.
Therefore, the spine of statistical hot spot cells along the SCS is produced by the local tornadogenesis
pattern atop the SCS, particularly along Sand Mountain. The extension of the tornadogenesis
maximum past the SCS into southern East Tennessee, around Chattanooga, might be a product of the
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Figure 3.1: (a) Optimized hot spot analysis results for hot and cold spots of tornadogenesis within 250
km of the SCS from 1992-2016, expressed in 90%, 95%, and 99% confidence levels of rejecting a
null hypothesis that each cell is not a hot or cold spot for tornadogenesis in the domain. (b) The pvalues associated with each pixel from the optimized hot spot analysis.
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high population density of the Chattanooga metropolitan area, much higher than the population
density of the SCS or any of the surrounding areas between Chattanooga and Huntsville. The goal of
this study, therefore, is to highlight potential physical causes for why this statistical hot spot in
tornadogenesis exists over the SCS and what role the terrain of northeastern Alabama plays in its
existence.

3.2 Example Cases of Rapid Storm Organization/Intensification upon Reaching the SCS

3.2.1 27 April 2011: Pisgah, Alabama EF4 Supercell Tornado
A pair of violent tornadoes occurred atop Sand Mountain during the 27 April 2011 tornado
outbreak. The first violent tornado, rated EF4, traveled 75 km, reached a peak width of
approximately 1600 m, and was responsible for 14 fatalities (Fig. 3.2; NCEI 2019). This case is
discussed in detail in Lyza (2015) and summarized below. As shown in Fig. 3.2, the tornado formed
along the Tennessee River in northeastern Alabama, ascended Sand Mountain near the town of
Pisgah, and crossed Sand Mountain to the Wills Valley in northwestern Georgia. The tornado
descended the Wills Valley, impacting the town of Trenton, Georgia, before crossing Lookout
Mountain and dissipating south of Chattanooga, Tennessee.
A single-Doppler analysis was performed on data from the WSR-88D radar at Hytop,
Alabama (KHTX), to characterize the changes in size and intensity of the detected circulation
associated with the Pisgah tornadic supercell. Utilizing scanning Doppler radar in complex terrain
presents significant challenges. One analysis that can be done with minimal consequence from
changes in underlying topography is the single-Doppler analysis of the rotational velocity (VROT) of a
circulation, estimated by fitting radial velocities to the radial profile of a Rankine combined vortex
(Rankine 1901). The Rankine vortex profile is defined by the horizontal profile of tangential velocity
as
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Figure 3.2: Overview map of the Pisgah EF4 tornado track from 27 April 2011.
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(3.1)

where V is the tangential wind speed, R is the radius from the circulation center, V max is the
maximum tangential velocity of the circulation, and Rmax is the radius where Vmax is located. By
applying this assumption to radar data, values of VROT can be estimated from

𝑉𝑅𝑂𝑇 =

𝑉𝑜𝑢𝑡 −𝑉𝑖𝑛
𝑐𝑜𝑠𝜃,
2

(3.2)

where Vout is the maximum outbound radial velocity, Vin is the minimum outbound (maximum
inbound) radial velocity, and θ is the radial angle between Vout and Vin (e.g. cos θ = 0 if the radius of
Vout and Vin from the scanning radar is the same; Desrochers and Harris 1996). Incorporating the cos
θ term eliminates divergent flow from the VROT calculation. This procedure has obvious drawbacks.
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Radial and vertical flows are neglected in the Rankine vortex profile, both of which have been shown
to be very significant in supercell mesocyclone and QLCS mesovortex flows.
The parent supercell mesocyclone moved from the Tennessee River valley to atop Sand
Mountain around 2100 UTC (Fig. 3.3). Rapid intensification of the parent mesocyclone and the
tornado cyclone occurred as the circulation moved atop Sand Mountain, with EF1 damage noted on
the NW slopes of Sand Mountain, and intensification to EF3 to EF4 strength upon reaching the top of
Sand Mountain. Analysis of VROT of the detected circulation confirms the rapid intensification, with a
rapid increase of VROT from 24.7 m s-1 to 50.6 m s-1 noted at the 0.5° elevation angle (the lowest
elevation angle) between 2102 UTC and 2111 UTC (Fig. 3.4). Similar rapid intensification of lowlevel mesocyclones and subsequent tornadogenesis as supercells move atop Sand Mountain have been
seen in additional past cases. Investigation of these rapid low-level mesocyclone intensification
episodes and their potential physical causes, either by influence from near-storm environmental
changes or by processes internal to the storm, will be a focus for further study, including analysis of
datasets collected during VORTEX-SE.

3.2.2 25 October 2010: Section, Henagar-Ider, and Pisgah-Rosalie, Alabama QLCS Tornadoes
A severe QLCS event transpired across northern Alabama during the pre-dawn hours of 25
October 2010. After producing an EF1 tornado and numerous non-tornadic wind damage reports
across northwestern and north-central Alabama, the QLCS produced 4 tornadoes across northeastern
Alabama. Three of these 4 tornadoes occurred within the SCS; 1 of EF0 damage intensity, 1 of EF1
damage intensity, and 1 of EF2 damage intensity (Fig. 3.5). The EF0 and EF2 tornadoes were
produced by the same parent mesovortex, which formed along the northwestern slope of Sand
Mountain near Section and continued northeastward into Georgia. The EF0 was a brief tornado at
Section, with a path length of 3.5 km, and the EF2 began near the town of Rosalie and moved eastnortheast for 32.6 km, through the towns of Henagar and Ider and across the state line into Georgia.
The EF1 formed within a mesovortex that quickly intensified along the northwestern edge of Sand
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Figure 3.3: Equivalent reflectivity factor (Ze, left) and radial velocity (Vr, right) PPIs from the Hytop,
Alabama (KHTX) WSR-88D radar at 2057 and 2116 UTC 27 April 2011.The couplet center ranged
from 32.4 km to 34.4 km away from KHTX. The navy line indicates the northwestern edge of the
SCS.
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Figure 3.4: Time series plots of rotational velocity (VROT), 0.5° beam height, and land elevation for
the 27 April 2011 Pisgah, Alabama, EF4 tornado.
Mountain near Pisgah, just north of the Section mesovortex. The tornado traveled 25.2 km, moving
through the southern end of Rosalie before crossing the Jackson/DeKalb County line near Ider before
it dissipated and the parent mesovortex merged with the Section-Henagar-Ider mesovortex (Fig. 3.6).
The 25 October 2010 case represents a behavior often seen in QLCSs as they reach the northwestern
edge of Sand Mountain. Often, the shear zone along the gust front will appear to strengthen,
occasionally leading to the development of mesovortices. It is unclear whether this development or
intensification of mesovortices is due to increased low-level wind shear, an increase in horizontal
shear and associated horizontal shear instability as the gust front moves atop the plateau, or an
increase in low-level convergence and stretching of vertical vorticity, all of which have been linked to
potential mesovortex genesis or intensification (Atkins and St. Laurent 2009, Wheatley and Trapp
2008). The propensity for mesovortex genesis in QLCSs that move atop Sand Mountain and the
potential causes for this behavior are a planned focus of future intensive study.
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Figure 3.5: Overview map of the 25 October 2010 tornado tracks across the SCS.
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Figure 3.6: Equivalent reflectivity factor (Ze, left) and radial velocity (Vr, right) PPIs from the Hytop,
Alabama (KHTX) WSR-88D radar at 0847 and 0906 UTC 25 October 2010.
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CHAPTER 4

DATA AND METHODOLOGY

4.1 Preliminary Meteorological Data Analysis
Historical data on SCS tornadoes were taken from the official Storm Data publication,
managed by the National Center for Environmental Information (NCEI; NCEI 2019). Parent storm
mode was divided into a simple two-mode classification scheme of supercell and quasi-linear
convective system (QLCS). Storm mode was determined for all SCS tornadoes back to 1992 using a
combination of the Weather Surveillance Radar – 88 Doppler (WSR-88D) sites at Hytop, Alabama
(KHTX), Birmingham, Alabama (KBMX), and Peachtree City, Georgia (KFFC), the WSR-74C
Doppler radar at Huntsville, Alabama (KHSV) over the 1992-2005 period, and the Advanced Radar
for Operational and Meteorological Research (ARMOR; Petersen et al. 2007), a radar jointly operated
by the University of Alabama in Huntsville (UAH) and WHNT-TV in Huntsville. The resulting
dataset consists of 79 tornadoes, 46 from supercells and 33 from QLCSs, with the observed tornadoes
spanning the EF0 to EF5 range of the Enhanced Fujita (EF) scale (Table 4.1). A summary analysis of
the climatology of SCS tornadoes is provided in Section 5.1.
In the majority of cases, data aside from WSR-88D radar data are limited to automated
weather observing station (AWOS) data from sites at Albertville (K8A0, atop Sand Mountain at 315
m MSL) and Scottsboro (K4A6; in the Tennessee Valley at 198 m MSL). The AWOS surface data
were examined within 6 hours prior to first tornadogenesis for events going back to 18 March 2013,
the first event for which K4A6 was operating. Surface wind speed, direction, and terrain-parallel and
terrain-perpendicular wind components were analyzed. The components of flow were calculated in
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Table 4.1: Summary table of all SCS tornado events from 1992-2016.

Southern Cumberland System Tornado Events, 1992-2016

Date (UTC)

EF0

EF1

EF2

EF3

EF4

EF5

Total

Injuries*

Fatalities

Supercell

QLCS

22 November
1992
27 March 1994

1

1

3

0

0

0

5

31

0

0

5

0
0

0
0

1
1

1
1

0
0

0
0

2
2

50
133

0
6

2
2

0
0

0
1
0
0
0
2
0

1
0
0
1
1
0
1

0
0
1
0
0
0
2

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

1
1
1
1
1
2
3

2
0
10
0
0
0
4

0
0
0
0
0
0
2

1
0
1
1
1
2
3

0
1
0
0
0
0
0

0
1
0
2

1
3
1
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

1
4
1
2

0
3
0
0

0
0
0
0

1
4
0
2

0
0
1
0

1
0

0
1

0
0

0
0

0
0

0
0

1
1

0
0

0
0

1
1

0
0

0
0
1
1
1
1
1
0
1
1
0

1
0
0
1
0
2
0
0
1
1
7

0
0
0
0
0
0
0
0
1
0
3

0
0
0
0
1
0
0
2
0
0
0

0
1
0
0
0
0
0
1
0
0
1

0
0
0
0
0
0
0
0
0
0
1

1
1
1
2
2
3
1
3
3
2
12

0
12
0
0
5
14
0
50
0
0
50

0
1
0
0
0
1
0
0
0
0
40

0
1
1
0
1
0
1
3
0
2
3

1
0
0
2
1
3
0
0
3
0
9

0
0

1
0

2
1

0
0

0
0

0
0

3
1

10
1

0
0

0
0

3
1

1
1
1
1
0

4
0
2
0
1

2
0
0
0
0

1
0
0
0
1

0
0
0
0
0

0
0
0
0
0

8
1
3
1
2

0
0
0
0
9

0
0
0
0
4

8
0
2
0
2

0
1
1
1
0

19

32

17

7

3

1

79

384

54

46
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16 February
1995
16 March 1996
6 January 1997
22 April 1997
9 April 1998
17 April 1998
27 April 1999
24 November
2001
30 March 2002
19 March 2003
6 May 2003
22-23 April
2005
8 April 2006
22 September
2006
4 April 2007
6 February 2008
20 May 2008
29 March 2009
10 April 2009
20 April 2009
28 June 2009
25 April 2010
25 October 2010
26 October 2010
27-28 April
2011
18 March 2013
21 February
2014
29 April 2014
3 October 2014
4 April 2015
19 April 2015
30 November
2016

Total

*The injury totals given in this chart are certainly an underestimate of actual injury totals for
tornadoes atop the SCS. For example, the EF5 tornado that impacted several communities on Sand
Mountain on 27 April 2011 was responsible for 25 fatalities but officially has 0 injuries listed in
Storm Data.
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order to attempt to gain meaningful insight into potential physical processes, including the blocking
of flow by terrain, acceleration of flow over terrain, and channeling of flow within the Tennessee
Valley. The surface observations were stratified by boundary layer type (approximated by time of
day): daytime boundary layer (DBL; 1700 to 2259 UTC), afternoon-evening transition (AET; 2300 to
0459 UTC), mature nocturnal boundary layer (NBL; 0500 to 1059 UTC), and early convective
boundary layer (EBL; 1100 to 1659 UTC). Additionally, the first cloud layer (the lowest height at
which the sky condition can be characterized as “broken”; MoDOT 2019) derived from ceilometers
was compared for the same time periods as proxies for LCL height. These results are discussed in
Section 5.2.1.
Finally, to better understand the environments of SCS tornadoes and to further inform
hypotheses as to how the topography of the SCS may impact the near-storm environment, analyses of
Rapid Update Cycle (RUC) and Rapid Refresh (RAP) model soundings were performed for events
dating back to 2006. In order to evaluate the possibility of flow acceleration over the plateaus,
Anniston, Alabama, was used as a consistent site to diagnose the wind and thermodynamic profiles
upstream of the SCS. Anniston was chosen as the location of upstream sounding analysis in order to
minimize any impacts from surrounding terrain and to compromise between analysis of the
environment upwind to the SCS relative to the mean boundary layer flow and relative to the terrainperpendicular component of flow. Additional details on the use of RUC and RAP soundings in the
analysis of SCS environments are given in Section 5.2.2.

4.2 Field Observations

4.2.1 Data Sources
Data analyzed in this study were obtained from numerous in-situ and ground-based remote
sensing platforms during the VORTEX-SE field campaign. Four instrument platforms from the
University of Alabama in Huntsville (UAH) were initially analyzed:
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1)

Mobile Doppler Lidar and Sounding system (MoDLS), consisting of a Halo Photonics Stream

LineTM Doppler wind lidar (DWL; HALO Photonics 2019), Radiometrics microwave profiling
radiometer (MP-3000A, hereafter MPR), and surface instruments;
2)

Rapidly Deployable Atmospheric Profiling System (RaDAPS), consisting of a Radiometrics

915-MHz Doppler wind profiler (XBS-BL), Radiometrics MPR (MP-3000A), Vaisala CL51
ceilometer, and 3-m tower with surface instruments;
3)

Mobile Alabama X-band (MAX) polarimetric scanning radar, which features a 1° beam

width and 3.2-cm wavelength (Asefi-Najafabady et al. 2010) and is equipped with a 10-m surface
instrument tower; and
4)

Mobile Meteorological Measurement Vehicle (M3V), mesonet vehicle equipped with

temperature, humidity, pressure, wind, GPS, and compass sensors.

Ultimately, data from MoDLS lidar and radiometer surface sensors, MAX, M3V, and the surface
sensors on the RaDAPS MPR were used in this project. RaDAPS 915-MHz Doppler wind profiler
data were not utilized due to significant uncertainties in how the profiler data were being processed in
the cases where RaDAPS was deployed to the SCS domain and the lack of ability to reprocess the
data at this time. Because of degraded sensitivity, attributed to increased signal loss through the
radome, experienced from Fall 2016-early Spring 20182, the use of MAX was limited to observations
in precipitation, principally on 19 March 2018. The M3V relative humidity sensor contains a
substantial low bias. In evaluation of M3V data, a relative humidity correction of 9.058% is applied.
This correction value was obtained via comparison with other surface instruments, as well as
evaluation of sensor performance in extremely dense fog, where the relative humidity was assumed to
be approximately 100%. This bias, however, does add a source of uncertainty to findings involving

After the radome was removed in March 2018, clear air performance was significantly increased.
However, a very limited number of SCS deployments were made after removal of the radome, and
clear air return on those dates was poor, owing to a lack of biological scatterers.

2
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humidity data from M3V. In addition to the UAH instruments, data from the National Severe Storms
Laboratory (NSSL) Collaborative Lower Atmospheric Mobile Profiling System-2 (CLAMPS-2;
Wagner et al. 2019) Halo Photonics DWL Stream Line XRTM were analyzed for the 5 April and 22
April 2017 cases described in Section 5.3.2.
In addition to the platforms listed above, balloon soundings were available for all cases
analyzed. The two primary sounding types were the InterMet iMet-1ABXN (InterMet 2019a) and
iMet-4AB (InterMet 2019b) systems, and Windsond Radiosonde S-1 system (Windsond 2019). To
reduce the noise associated with the Windsond wind profiles, the winds are reprocessed using the 3-s
resolution GPS position data provided in the raw data files, as opposed to the raw 1-s resolution wind
data, which contain significant non-meteorological noise likely owing to oscillatory motion of the
radiosonde and attendant string connecting the radiosonde package to the balloon.

4.2.2 Deployment Methodology
Deployments across the SCS were performed for 12 cases between November 2016 and
March 2019 (Table 4.2). Northeast Alabama Community College (NACC) in Powell, Alabama, was
the primary Sand Mountain deployment site for the MoDLS profiling instrumentation and balloon
soundings. In the Tennessee Valley, the Scottsboro Regional Airport (K4A6) in Scottsboro,
Alabama, served as the primary location for the CLAMPS-2 profiling system, while a site located in
nearby Hollywood, Alabama (approximately 20 km away at a direction of 347°), was used as the
primary balloon sounding location, due to the necessity for clearance from the airport property. The
initial primary goal of deployments across northeastern Alabama was to observe differences in the
wind profiles and LCL heights between the SCS and the adjacent Tennessee Valley. MoDLS and
CLAMPS-2 were deployed to their semi-permanent locations for cases during the 2017 VORTEX-SE
campaign. All deployment locations used are summarized in Table 4.2 and Fig. 4.1. The MoDLS
and CLAMPS-2 DWLs collected 1-Hz vertically pointing measurements of several minutes duration,
interlaced with eight-point velocity-azimuth display profiles (VADs) at a 60° elevation angle, with
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Table 4.2: Summary of cases and instruments used to study the environment across the SCS. The
numbers of the locations in column 3 correspond to the instruments listed in column 2.
Date (UTC)

30 Nov. 2016
9 Feb. 2017
25 Mar. 2017

Instruments Utilized

1.
2.
1.
2.
1.
2.

Balloon soundings (plateau)
Balloon soundings (valley)
Balloon soundings (plateau)
Balloon soundings (valley)
Balloon soundings (plateau)
Balloon soundings (valley)

Balloon Sounding
Locations

1.
2.
1.
2.
1.
2.

Powell
SW Scottsboro
NACC
Hollywood
NACC
Hollywood

Balloon Sounding Times
(Date/Time UTC)

1.
2.
1.
2.
1.
2.

30/0828
30/0816
09/0145
09/0145
25/1605, 25/1700, 25/1800,
25/1900, 25/2000
25/1601, 25/1702, 25/1759,
25/1901, 25/2003
27/1459, 27/1658, 27/1859,
27/1958, 27/2158, 27/2333
27/1500, 27/1700, 27/1900,
27/2200, 27/2302
27/2028
30/2151, 31/0000
30/2147, 30/0010
03/2000, 03/2200
03/2000, 03/2200
05/1130, 05/1400, 05/1600,
05/1715, 05/1900, 05/2000,
05/2220, 05/2300
05/1105, 05/1349, 05/1546,
05/1702, 05/1910, 05/1950,
05/2150, 05/2248
22/2134, 22/2224
22/2131, 22/2223

27-28 Mar. 2017 1. Balloon soundings (plateau)
2. Balloon soundings (valley)

1. NACC
1.
2. Hollywood, Woodville
2.

30-31 Mar. 2017 1.
2.
3 Apr. 2017
1.
2.
5-6 Apr. 2017 1.

Balloon soundings (plateau)
Balloon soundings (valley)
Balloon soundings (plateau)
Balloon soundings (valley)
MoDLS, balloon soundings
(plateau)
2. CLAMPS-2, balloon soundings
(valley)

1.
2.
1.
2.
1.
2.

1.
2.
3.
4.

1. NACC
2. Hollywood

1.
2.

1. NACC
2. Hollywood

1. 30/1700, 30/1800, 30/1900,
30/2000, 01/0000, 01/0300
2. 30/1650, 30/1754, 30/1851,
30/1954, 30/2349, 01/0248
1. 19/2358
2. 20/0000

22 Apr. 2017

Balloon soundings (plateau)
Balloon soundings (valley)
Mobile mesonet (plateau)
RaDAPS surface instruments
(valley)
30 Apr.-1 May 2017 1. Balloon soundings (plateau)
2. Balloon soundings (valley)
19-20 Mar. 2018 1.
2.
3.
4.
5.
6 Nov. 2018
1.
2.
3.
14-15 Mar. 2019 1.
2.

MAX
Balloon soundings (plateau)
Balloon soundings (valley)
M3V
MoDLS (valley)
MAX, balloon soundings
(plateaus)
MoDLS, balloon soundings (base
of Sand Mountain)
M3V, balloon soundings
Balloon soundings (plateaus)
Balloon soundings (valley)

NACC
Hollywood
NACC
Hollywood
NACC
Hollywood

3.
1.
2.
1.
2.
1.
2.

1.
2.
3.
4.

Sylvania
NACC
Hollywood
Roaming

1. Grove Oak
1. 06/0230, 06/0630, 06/0730
2. Scottsboro boat launch 2. 06/0230, 06/0630, 06/0730
3. Roaming
3. 06/0730
1. NACC
2. Hollywood
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1. 14/1900, 14/2000, 14/2100,
14/2200, 14/2300, 15/0100
2. 14/1900, 14/2000, 14/2100,
14/2200, 14/2300, 15/0100

Figure 4.1: Overview map of deployment locations for operations studying the SCS that are utilized
in this manuscript. The locations of MoDLS (NACC) and CLAMPS-2 (K4A6) during the VORTEXSE 2017 field campaign are bolded. Upstream RAP/RUC soundings were obtained from the
Anniston location. Note that these locations do not include where supercell RFDs were sampled.
Those locations are described individually in Section 5.3.4.
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MoDLS operating at a 42-m vertical resolution and CLAMPS-2 operating at a 26-m vertical
resolution for the 5 April 2017 case detailed in this paper. To create the VAD wind profiles, a best-fit
cosine curve was fitted to the Doppler velocity profiles from each of the eight beams per scan. In all,
seven of the 11 SCS deployments utilized in this paper occurred during the VORTEX-SE 2017 field
campaign.
For the 2016 and 2017 cases, most data collection focused on assessing the differences in
low-level wind and thermodynamic profiles between the surface of Sand Mountain and the Tennessee
Valley, across the river and removed from the base of Sand Mountain. Most data analyses were
performed on sounding and profiler datasets acquired from NACC and K4A6/Hollywood, as these
two sites contain the most thorough collection of observations across numerous deployments.
Soundings gathered at NACC and Hollywood during the deployments were temporally coordinated in
an attempt to match LCL height values and assess consistency in differences between LCL heights
and 0-1 km SRH atop the plateau against those in the Tennessee Valley. For 5 April 2017 and 22
April 2017, the 0-1 km SRH time series from MoDLS at NACC and CLAMPS-2 at K4A6 were also
compared to assess their evolution prior to storm arrival.
Deployments in 2018 and 2019 focused more on the potential development of a downslope
wind acceleration and the effects such an acceleration may have on the wind shear profiles across
Sand Mountain. For the 19-20 March 2018 and 14-15 March 2019 deployments, soundings were still
gathered at both NACC and Hollywood for comparison. For each of these cases, the MAX radar was
deployed to Sylvania, Alabama, with the primary goal of collecting range-height indicator (RHI) data
of the variation in horizontal flow across the 22-km distance from the windward side of Sand
Mountain to the northwestern slope and the adjacent Tennessee Valley. On 6 November 2018,
MoDLS was deployed to a boat launch near Scottsboro along the Tennessee River, directly at the
base of the northwestern slope of Sand Mountain. MoDLS was placed at this location to facilitate
direct detection of the potential downslope wind acceleration. MAX was placed at the Grove Oak site
atop Sand Mountain. Soundings were collected from the MAX site at Grove Oak (atop Sand
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Mountain), from MoDLS at the base of Sand Mountain, and from M3V, which roamed atop and
upwind Sand Mountain. No soundings were performed farther out across the valley at Hollywood.
Background characteristics for each deployment case are provided in Table 4.3. Only three
of the 12 cases featured tornadoes on the SCS: 29-30 November 2016, 22 April 2017, and 19 March
2018. All three of these cases featured supercells as the primary storm mode. Most cases featured
weak to moderate mixed-layer convective available potential energy (MLCAPE), with values
remaining below 2000 J kg-1 for all cases except for 5 April 2017. Deployment cases generally
featured southerly surface-layer to lower boundary-layer flow, with surface-250 m mean wind
directions ranging from 128 to 208°, and surface-250 m mean wind speeds of 3.1 to 11.5 m s-1. The
surface-250 m static stability ranged from absolutely stable inversions to absolutely unstable (superadiabatic lapse rates).
In addition to the observations of the near-storm environment described above, a limited
number of storm-scale observations are detailed in this study. The focus of these observations is to
assess whether or not any LCL height changes observed atop Sand Mountain might have synonymous
impacts to the RFD buoyancy of supercells moving atop Sand Mountain as those impacts described in
Section 2.1.2. During deployments on 22 April 2017, 19 March 2018, and 6 November 2018,
profilers stationed in the Tennessee Valley were serendipitously impacted by supercell RFDs. During
each case, M3V proceeded to target each RFD atop Sand Mountain to gather surface data and
perform RFD buoyancy comparisons between those observations and the data gathered by the
profilers in the Tennessee Valley.
The surface observations gathered in the RFD regions were used to calculate the
perturbations in surface virtual potential temperature (θv’) and equivalent potential temperature (θe’)
within the RFD regions relative to the environment, similarly to Markowski et al. (2002). The base
state calculation method used in Markowski et al. (2002) to find the perturbation values of surface θv
and θe was not employed because of (a) a general dearth of high-quality surface observations around
northeastern Alabama and (b) the significant elevation difference between the SCS plateaus and the
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Table 4.3: Summary of storm mode, SCS tornado occurrence, storm motion, 0-250 m temperature
lapse rate, 0-250 m mean wind direction, 0-250 m mean wind speed, and mixed-layer CAPE
(MLCAPE) for the cases described in Table 1. Storm modes were classified as supercell, quasi-linear
convective system (QLCS), other (for less organized convection), or none (for cases with no SCS
deep convection). The 0-250 m and MLCAPE values are ranges of values from upstream soundings
at Anniston that were used to compare to paired soundings (events with one value only featured one
paired sounding).
Date
Primary Tornadoes Storm
0-250 m T
0-250 m 0-250 m Mean MLCAPE
(UTC)
Storm
on SCS Motion lapse rate (°C Mean Wind Wind Speed
(J kg-1)
-1
-1
-1
Mode
(°, m s )
km )
Dir (°)
(m s )
30 Nov. Supercell 2 (EF1, 239, 24.2
-7.0
172
7.5
999
2016
EF3)
9 Feb. 2017 Supercell
None
275, 21.1
5.7
183
3.6
909
25 Mar.
Other
None
196, 13.4 -13.3 to -15.1 151 to 160
6.0 to 7.8
0 to 510
2017
27 Mar.
Mixed
None
270, 14.9 0.6 to -15.9 171 to 201
3.3 to 7.0 933 to 1711
2017
30-31 Mar. Other
None
204, 17.5 -4.4 to -9.0 192 to 208
7.7 to 8.6 369 to 822
2017
3 Apr.
None
None
250, 15.4 -8.3 to -12.8 176 to 187 9.3 to 11.5 107 to 114
2017
5-6 Apr.
QLCS
None* 241, 14.9 1.3 to -8.8
153 to 203
3.1 to 8.0 365 to 3381
2017
22 Apr. Supercell 1 (EF0) 280, 15.4 -8.7 to -11.9 203 to 208
5.8 to 7.4 447 to 705
2017
30 Apr.-1 QLCS
None
225, 18.0 4.4 to -14.4 140 to 206
3.9 to 7.3 78 to 1343
May 2017
19-20 Mar. Supercell 1 (EF2) 281, 19.0
-5.1
128
5.6
1740
2018
6 Nov.
Mixed
None
257, 23.7
-8.9
178
8.6
972
2018
14-15 Mar. Supercell
None
241, 15.4 -1.9 to -15.9 156 to 173
6.7 to 8.4
57 to 655
2019
surrounding land. Instead, the θv’ and θe’ values for the RFDs were calculated as the difference
between 10-min. averages of θv and θe collected 10-20 min. before and after rear-flank gust front
(RFGF) passage. A +/-10 min. buffer was applied to the RFGF to minimize the impact of any smallscale, convectively induced perturbations in values in the inflow of the storm (either through
convective subsidence or smaller convective cells ahead of the storm of interest) and to allow for the
gust front density gradient to pass over the instruments. Temperature, pressure, and humidity data
were checked for obvious errors prior to these calculations, and the systemic bias in M3V humidity
data addressed in Section 4.2.1 was corrected using the estimated relative humidity correction.
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Environmental dewpoint depression, surface virtual potential temperature (θv), and surface equivalent
potential temperature (θe) were computed between the two sites and compared with each other to
diagnose the RFD buoyancy changes, how they related to the environmental boundary layer
thermodynamic characteristics, and how these observations compared to past work. This
methodology was also employed on the 19 March 2018 and 6 November 2018 cases described below.

4.2.3 Data Analysis
Once data collected were assessed for their quality by ensuring no erroneous wind data
(extreme outlier values within the profile) or periods of balloon descent, analyses were performed to
evaluate changes in the environment at different points across Sand Mountain and the Tennessee
Valley. Simple linear regression analyses were performed between coordinated balloon launches at
sites around NACC/Powell and Scottsboro/Hollywood (excluding the boat dock at the base of Sand
Mountain) to compare the relationships between LCL height and 0-1 km SRH changes between the
Tennessee Valley and Sand Mountain, using data from all cases listed in Table 4.1 except for 6
November 2018. These 10 cases yield 40 pairs of soundings between the two locations that were
included in the initial regression analyses. For SRH calculations, a three-point boxcar average was
applied to the lowest 1 km of every sounding wind profile to further reduce noise in the shear vectors.
Final regression analyses presented were developed by excluding outlier data points when
appropriate, as described across Chapter 7. Outliers were defined as data points that fell outside of
1.5 times the interquartile range of the values for a given variable.
To better understand how observed changes in SRH may be related to the broader flow
regime around the SCS, the 40 sounding pairs described in Section 4.2.2 were compared to upstream
RAP model soundings from Anniston, Alabama, to assess the upstream Froude number in the cases
with paired sounding observations. The use of RUC and RAP soundings does introduce some
potential error to the analysis. Benjamin et al. (2016) showed that the RAP featured root mean square
(RMS) errors of approximately 2.6 to 3.1 m s-1 in wind speed and 0.8 to 1.0°C at analysis time for the
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time period from May 2013 through November 2014. Errors in both wind speed and temperature
could adversely impact calculations of the Froude number from the RUC/RAP soundings. The forms
of the Froude number used in this analysis are defined in Eqns. 2.15 and 2.16, where U and N are
calculated as mean values over the depth of the obstruction from Anniston. Zero-hour forecast
soundings from at least 45 minutes prior to each pair of observed soundings were used in order to
allow for parcels to be advected over the plateaus. Because the focus is on the change in flow atop
the plateau surface, as opposed to along the leeward slope, FrH was used in this analysis.

4.3 WRF Simulations
In parallel to the Fall 2016-Spring 2017 VORTEX-SE field campaign experiments,
simulations from the Advanced Research Weather Research and Forecasting (WRF-ARW;
Skamarock et al. 2005) V3.8 were undertaken for the 29-30 November 2016 tornado outbreak by Drs.
Xuanli Li and John Mecikalski. A total of 20 simulations were performed. The first four simulations
were initialized at 1200 UTC 29 November 2016 (2 runs) and 1800 UTC 29 November 2016 (2 runs),
ran for 36 h, and output model fields every 3h. Each block of two runs alternated between Global
Forecast System (GFS) and North American Mesoscale (NAM) model background conditions, and all
runs used the Thompson 2-moment microphysics scheme with graupel (Thompson et al. 2008) and
the Miller–Yamada–Janjić (MYJ) boundary layer scheme (Janjić 2001). These simulations were run
on a 6.25 km horizontal grid spacing with a 1.25-km grid-spaced inner domain. The remaining 16
runs were all initialized at 0000 UTC 30 November 2016. These runs were conducted with the same
outer and inner nested grid spacing (6.25 and 1.25 km, respectively), same temporal output (every 3
h), and with both GFS and NAM background conditions. However, these simulation tested more
microphysical parameterization schemes, including the WRF single-moment 6-class graupel (Hong
and Lim 2006), Morrison 2-moment (Morrison and Pinto 2005), and Milbrandt and Yau 2-moment
(Milbrandt and Yau 2005) schemes, as well as the Yonsei University (YSU) boundary layer
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parameterization scheme (Noh et al. 2003). All domains had 47 vertical levels, with 10 vertical levels
in the lowest 1 km AGL.
Of the 20 total members across both ensembles, only one member showed any substantive
promise at capturing the environment and evolution of convection the night of 29-30 November.
Most other members either (a) did not feature an adequate depiction of convective evolution or (b)
did not bring the warm sector into the SCS region. This member was rerun at 0000 UTC 30
November 2016 with GFS background conditions, added a third inner nest with a horizontal grid
spacing of 250 m, output model fields every 5 min., featured a 2-moment Morrison microphysics
scheme, and utilized the MYJ boundary layer scheme. Figure 4.2 summarizes the domain of the
model run of focus.

Figure 4.2: Map outlining the (A) 6.25-km, (B) 1.25-km, and (C) 250-m nests of the WRF simulation
initialized at 0000 UTC 30 November 2016 and analyzed in Chapter 6. Map provided by X. Li.
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Once the model run was completed, the author analyzed several aspects of the inner-most
(250 m) nest output as part of this dissertation. Initial analysis included cursory inspection of model
output variables, including simulated reflectivity, 0-3 km updraft helicity (to assess changes in lowlevel rotation in modeled convection), 0-1 km SRH, mixed-layer (ML) CAPE and CIN, and MLLCL
across the SCS and surrounding areas. Additional analysis was performed by examining north-south
vertical cross-sections across the SCS along the -85.7491° parallel, from 34° to 35° latitude (Fig. 4.3).
Variables analyzed along this cross-section included 0-1 km SRH, MLLCL and level of free
convection (LFC), U and terrain-parallel wind components, N, θ, vertical velocity (w), vertical
vorticity (ζ), and horizontal divergence. Finally, 0-1 km SRH and MLLCL time series between 0300
UTC and 0900 UTC 30 November 2016 in the simulation were constructed for the grid points closest
to NACC, Hollywood, and the Scottsboro boat launch (depicted in Fig. 4.1) to compare how these
modeled values compared to observations over the broader sounding datasets presented in Chapter 5.
The analysis of this model output is presented in Chapter 6.

Figure 4.3: Map illustrating the location of the north-south vertical cross-section analyzed in Chapter
6. The locations of where UAH equipment was deployed on 29-30 November 2016 are also denoted.
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CHAPTER 5

OBSERVATIONAL ANALYSIS

5.1 Climatological Analysis of SCS Tornadoes
The attributes of all SCS tornado events dating back to 1992 through 2016 were collected and
analyzed (Table 4.1). A total of 79 tornadoes were officially recorded during the time frame across
34 different events. In total, these tornadoes were responsible for 54 fatalities and over 384 injuries.
Supercells made up a majority of the parent storm mode for SCS tornadoes, with 46 supercell
tornadoes versus 33 QLCS tornadoes. Fifty-one of the tornadoes that impacted the SCS from 19922016 formed atop the Sand Mountain plateau, 11 formed on the Lookout Mountain plateau, 9 formed
in the Wills Valley, and only 8 formed outside the SCS and moved into the region. All damage
intensities have been documented across the SCS since 1992, with 51 weak tornadoes (19 F/EF0 and
32 F/EF1), 24 strong (17 F/EF2 and 7 F/EF3), and 4 violent tornadoes (3 EF4 and 1 EF5). SCS
tornadoes are most frequent during April, with 41 tornadoes across 14 cases, followed by March (13
tornadoes across 6 cases), November (10 tornadoes across 3 cases), and October (6 tornadoes across 3
cases). This distribution of tornadoes leads to two evident peaks in SCS activity, with the primary
peak during the early to middle of spring and the secondary peak across middle to late autumn (Fig.
5.1). An hourly distribution of tornado activity across the SCS shows that there is very little overall
preference for any given time of day for collective tornado activity (Fig. 5.2). However, breaking
down tornadoes by parent storm mode indicates a clear bimodality in favored time of day for
supercell and QLCS tornadoes, with supercell tornadoes favored from mid-afternoon through about
midnight local standard time (LST) and QLCS tornadoes favored from around midnight to mid47

Figure 5.1: SCS tornado distribution by month from 1992-2016, stratified by parent storm mode.

Figure 5.2: SCS tornado distribution by UTC hour from 1992-2016, stratified by parent storm mode.
Local standard time is UTC-6.
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morning. Thus, the QLCS tornadoes have been favored during the nocturnal to early morning periods
when the boundary layer exhibits greater static stability.

5.2 Pre-VORTEX-SE Data Analysis
This section details surface observations, both from atop the SCS and within the neighboring
Tennessee Valley, and Rapid Refresh (RAP) and Rapid Update Cycle (RUC) model soundings
upstream of the SCS in order to gain first-order insights into how the low-level flow and
thermodynamics may change across the topography. Hypotheses are developed for potential physical
causes for enhanced tornado activity in the SCS, including potential modification of the low-level
flow and the near-storm thermodynamic environment through topographic influence. These initial
analyses are developed in order to form the background for intensive analysis of severe storm
environments across the SCS. It serves as a building block for how subsequent studies utilizing a
myriad of surface and remote sensing observations (Section 5.3), as well as numerical simulations
(Chapter 6), were developed.

5.2.1 Surface Observations ahead of SCS Tornadoes
The AWOS surface data (see Section 4.1) were examined within the 6-h period prior to
tornadogenesis of SCS tornado events dating back to 2013. These data where then stratified into the
4 time periods to approximate different boundary layer time periods defined in Section 4.1. A general
tendency toward higher surface wind speeds was noted at Albertville (atop Sand Mountain) than at
Scottsboro (in the Tennessee Valley), with a mean of 4.9 m s-1 (standard deviation of 1.7 m s-1) at
Albertville and 4.2 m s-1 (standard deviation of 2.0 m s-1) at Scottsboro, Furthermore, a consistent
pattern appears in wind direction also, with more veered wind directions observed at Scottsboro
(mean of 193°, standard deviation of 52°) than at Albertville (mean of 173°, standard deviation of
29°; Fig. 5.3). A clear pattern of greater positive terrain-perpendicular wind atop Sand Mountain than
in the Tennessee Valley is evident in these cases. Although a collection of all observations shows no
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Figure 5.3: Scatterplots of wind speed (upper-left), wind direction (upper-right), terrain-perpendicular
wind magnitude (lower-left), and terrain-parallel wind magnitude (lower-right) at Scottsboro (K4A6)
and Albertville (K8A0) for 6-hour time periods leading up to first tornado in cases listed in Table 3.1
from 18 March 2013 and later.
such discernable pattern in terrain-parallel wind, a general pattern can be seen when stratified by time
period. During the AET and NBL (stable BL) time periods, terrain-parallel wind tends to be greater
in the Tennessee Valley than atop Sand Mountain, though the reverse tends to be true during the DBL
when the terrain-parallel wind tends to be higher atop Sand Mountain than in the Tennessee Valley.
A similar comparative analysis was performed for first cloud layers from the ceilometers at
K8A0 and K4A6. These data are used as proxies for LCL height, which has been found to be a
meaningful discriminator in significant tornado vs. nontornadic environments, with low LCL (and
thus cloud base) heights being more conducive to tornadogenesis (Rasmussen and Blanchard 1998,
Markowski et al. 2002). As expected, the first cloud layer tended to be higher (AGL) over the
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Figure 5.4: As in Fig. 5.3 for first cloud level.
Tennessee Valley than over the Sand Mountain plateau during the six-hour period prior to tornado
events in the SCS (Fig. 5.4). A concentration of NBL (black) points where the cloud base was lower
over the Tennessee Valley is due to persistent convective precipitation ahead of the 3 October 2014
tornado event that was located over Scottsboro but did not impact Albertville. Most points tend to be
within 50-150 m of each other, or approximately the difference in elevation between Scottsboro and
Albertville. (Because the SCS and Tennessee Valley feature a gentle along-terrain slope upward from
southwest to northeast, the mismatch in location along-terrain between Albertville and Scottsboro
leads to the total elevation difference being less than that actual valley-plateau elevation difference
along a trajectory normal to the SCS and valley.) While the observed differences between first cloud
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layers at Scottsboro and Albertville would not suggest the likelihood of meaningful LCL height
changes by themselves, the observation that the first cloud layer changes closely mimic the land
elevation difference between the two sites is of particular interest. While the elevation change
between Albertville and Scottsboro is only about 50 m, the gently rising slope of the SCS from
southwest to northeast along its major axis means that the relief of the plateaus becomes greater to the
northeast. For example, the actual relief of Sand Mountain over the Tennessee Valley where the edge
of Sand Mountain makes its closest approach to Scottsboro is approximately 200 m, much larger than
the 50-m difference between Albertville and Scottsboro. Questions about how directly the LCL
changes are related to the land elevation change between the SCS and surrounding areas and how
LCL variations across and around the SCS affect storm evolution are the primary motivation for the
thermodynamic aspect of this study.

5.2.2 Rapid Update Cycle (RUC)/Rapid Refresh (RAP) Analysis of Froude Number in SCS Cases
To assess the possible role of the Froude numbers in severe storm environments over the
SCS, a database of RUC/RAP upwind soundings was collected at the nearest-available zero-hour
forecast time prior to SCS tornado events dating back to 2006, as described in Section 4.1. Because
of the narrow, shallow nature of the Wills Valley, the entire SCS was treated as one unit in the
analysis, instead of different analyses for Sand Mountain and Lookout Mountain. Heights of 150 m,
250 m, and 350 m were used as estimates for typical relief of the SCS over the surrounding terrain,
and 40 km was used as a typical width scale of the SCS. Unsurprisingly, FrH had a magnitude much
greater than 1 prior to most SCS tornado cases, owing to the relatively small relief of SCS compared
to the surrounding region and to low values of N due to the typically weak static stability of the
boundary layer in SCS tornado environments. Unlike FrH, FrL was less than 1 in both the boundary
layer and free atmosphere in all cases, with the large width of the SCS dominating the calculations
instead of the low values of N (Fig. 5.5).
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Figure 5.5: RUC and RAP sounding scatterplot of FrH vs. FrL at Anniston, Alabama (187 m MSL),
for the most-recent available zero-hour model forecast times prior to SCS tornado events from 20062016. The 150 m, 250 m, and 350 m heights are used to display potential variations in Froude values
along the SCS. The dashed lines indicated FrH values of -1 and 1. Note that all FrL values are of
magnitude <1.
Due to the dimensions of the SCS (approximately 125 km long and 40 km wide) and the
oblique geometry to the mean boundary layer flow in severe storms environments, it is not
immediately clear that evaluating only the component of the flow perpendicular to the primary axis of
the plateaus fully captures the full extent of the impacts that the plateaus may have on low-level flow
changes in northeast Alabama during tornado events. With this in mind, however, the end result of
this cursory analysis is that, given the upwind environments supplied by the RUC and the RAP, low53

level acceleration of flow would be expected in the direction normal to the SCS (from approximately
140°), with a maximum likely to be reached along the northwestern slope of Sand Mountain due to
the small FrL values. Furthermore, the large area and flat tops of the SCS plateaus suggest the
potential for internal boundary layer (IBL) development (e.g. Stull, 1988) due to surface friction,
which could potential further enhance low-level wind shear. Field crews deployed to the
northwestern edge of Sand Mountain have reported consistently stronger winds than at other locations
across the plateau or in the Tennessee Valley, bolstering the hypothesis of the existence of a low-level
wind maximum in this region. One such example from a tornado outbreak on 19 March 2018, which
featured an EF2 tornado on Sand Mountain, shows that surface winds observed by the UAH-SWIRLL
mobile mesonet vehicle (M3V) were nearly double in magnitude near the northwestern edge of the
Sand Mountain plateau than over the heart of the plateau (Fig. 5.6). The hypothesized effect of the
plateaus on the boundary layer flow, given a southerly boundary layer flow common to regional
tornado-producing environments, is to cause an acceleration in the terrain-perpendicular direction that
reaches a maximum on the downwind slope of the SCS, or the northwestern slope of Sand Mountain.
This hypothesis will be a substantial focus of future analyses of VORTEX-SE and of numerical
simulations due to the potential impacts of flow acceleration on low-level convergence, vorticity
generation, and enhanced SRH in the region where tornadogenesis appears to be favored along the
northwestern side of Sand Mountain.

5.2.3 Analysis and Discussion of Preliminary Observations
Preliminary observations and analyses from tornado events in the SCS indicate several
potential physical processes that may lead to enhanced tornado potential versus surrounding areas,
given at least a marginally favorable background environment for tornadoes. The wind tendency
indicates at least the potential for forced channeling of flow (as defined by Whiteman and Doran
1993) up the valley (toward the northeast), given that the flow is generally kept in the same general
direction as the upstream flow. The diurnal variability contradicts what would be expected for a
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Figure 5.6: (a) Wind direction and (b) wind speed measured by the UAH-SWIRLL mobile
meteorological measurement vehicle (M3V) during the 2300 UTC hour on 19 March 2018,
exemplifying the systematic increase in surface winds noted by field crews at the northwestern edge
of the Sand Mountain plateau. Panel (c) illustrates the latitude and longitude of M3V during the hour,
and (d) shows the path taken by M3V atop the SCS. The red dashed lines in (a)-(c) indicate the time
period that M3V was stopped at Section, Alabama, at the red star in (d). The “B” and “E” markers in
panel (d) indicate the start and end points of M3V during the hour, respectively, with M3V traveling
from point B to Section, stopping at Section, and then traveling over the same path back to point E.
thermally-driven channeling, in which the greater down-valley flow (toward the southwest) would be
expected at night, whereas more up-valley flow is observed during nocturnal hours in these cases.
Pressure-driven channeling also does not appear to be supported since there is no hard evidence of a
counter-current to the ambient geostrophic flow. Additionally, the acceleration of the flow atop Sand
Mountain in the terrain-perpendicular direction appears to corroborate what would theoretically be
expected, based on the RUC/RAP sounding analyses in Section 5.2.2. The predominance of FrH >> 1
and FrL ≤ 1 values across the soundings (Fig. 5.5) indicate that the terrain-perpendicular component
of the flow across the SCS should generally accelerate within the boundary layer, with a maximum
near the “crest” of the terrain and a second maximum in flow on the downslope (i.e. a downslope
flow enhancement or windstorm). Although observations currently available to support the
downslope enhancement are limited to a small handful of point surface observations by field crews on
a limited number of deployments and are largely qualitative in nature, the tendency for backed and
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stronger surface flow atop the plateau at Albertville versus in the valley at Scottsboro supports the
potential for this acceleration pattern to exist and prompts further observations and analysis. These
observations were used as the motivation for beginning detailed wind profiling observations around
the SCS during severe weather events, to investigate how persistent and how deep the flow
modifications are and how they may impact SRH, vertical vorticity, and convergence across the SCS.
Findings from these observational deployments will be detailed in later articles.
Similar to the analyses of terrain-perpendicular and terrain-parallel flow, a comparative
analysis was performed for first cloud layers from the ceilometers at K8A0 and K4A6. As discussed
in Section 3, these data are used as proxies for LCL height, which has been found to be a meaningful
discriminator in significant tornado vs. nontornadic environments. As expected, the first cloud layer
tended to be higher over the Tennessee Valley (326 m mean, 259 m standard deviation) than over the
Sand Mountain plateau (282 m mean, 245 m standard deviation) leading up to tornado events in the
SCS (Fig. 5.4). These observations of consistently differing first cloud layer heights are the primary
motivation for the thermodynamic aspect of this study, particularly on how LCL height varies around
the SCS and what effects that variation may have on the propensity for tornadogenesis in the region.
The dimensions, orientation, and complexities of the SCS terrain introduce significant
uncertainty as to how wind profiles in particular may realistically evolve in a severe storm
environment. Although the Froude numbers indicate that low-level flow should accelerate in the
terrain-perpendicular direction, the large, relatively flat tops of the Sand Mountain and Lookout
Mountain plateaus suggest the potential for a substantial mechanically induced internal boundary
layer (IBL) to develop within the flow. It is unclear whether or not IBL development may or may not
negate the acceleration of the flow induced by the plateaus or simply act to further increase low-level
wind shear by reducing the wind speed near the surface while the flow aloft within the “inner layer”
of flow is still accelerated over the plateaus. Additionally, the south-southwest to north-northeast
orientations of Sand Mountain and Lookout Mountain lead to a substantial component of ambient
boundary layer flow that is parallel to the axes of the plateaus and the adjacent Tennessee River and
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Wills Valleys. Furthermore, as previously discussed in Section 5.2.1, the reliefs of both Sand
Mountain and Lookout Mountain from the surrounding lower lands generally increase slowly from
south-southwest to north-northeast. It is not immediately clear that the terrain-perpendicular direction
is the most relevant direction over which flow may be accelerated, nor is it obvious how the alongaxes (terrain-parallel) flow may evolve in a severe storm environment. These questions will also be
examined in the context of VORTEX-SE and other observational and numerical simulation datasets.
The primary consequence of the longer-term datasets described in this article is that there
may be numerous potential physical causes for the apparent maximum in tornado activity in the SCS
region. Changes in flow due to acceleration over the plateaus may lead to SRH changes,
development of convergence, and development of vorticity. The upstream Froude numbers imply
that acceleration may be maximized near the northwestern edge of Sand Mountain, which implies that
the above effects may also be maximized in this region. Additionally, storms moving from the
Tennessee Valley to the Sand Mountain plateau would first reach the area of potentially lower LCL
heights along the northwestern side of Sand Mountain. Though it is unclear how long it would take
for a particular storm to experience changes in the rate of evaporational cooling in the RFD and
subsequent RFD buoyancy, all of the above factors may lead to physical explanations for why the
SCS not only appears to be a maximum in tornado activity, but more specifically why the
northwestern edge of the Sand Mountain plateau appears to be a region of particular proclivity for
tornadogenesis and why the development and/or intensification of rotation in storms crossing the
northwestern edge of the plateau can occur very quickly, as detailed in the cases shown in Section
3.1. The main overarching question may be whether or not environmental parcels ingested into
storms along the NW side of Sand Mountain are able to attain enhancement in (vertical) vorticity
similar to that within more conventional atmospheric baroclinic boundaries (e.g. Markowski et al.
1998, Rasmussen et al. 2000, Wheatley and Trapp 2008). However, no evidence has yet been found
to this point to suggest that topographic enhancements in vorticity may rival those seen along
baroclinic boundaries.
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5.2.4 Hypothesis Development for VORTEX-SE Data Collection
Analysis of long-term surface observation datasets from SCS tornado events and upstream
Rapid Update Cycle (RUC)/Rapid Refresh (RAP) model soundings led to the development of two
primary hypotheses:

1.

Upstream Froude number values (e.g. Hunt et al. 1988, Stull 1988, Vosper et al. 2002)

support the acceleration of the southeasterly component of the low-level flow over the plateaus until
reaching a maximum along the downslope gradient on the northwestern edge of Sand Mountain, in
the short-axis direction of the terrain (perpendicular to the major axis of the plateaus). With the major
axis of the SCS oriented approximately from 218° to 38°, such an acceleration would lead to stronger
and more backed low-level flow across the SCS given southerly low-level flow in a severe storm
environment, potentially increasing the magnitude of storm-relative helicity (SRH; Davies-Jones
1984) atop the plateaus and leading to the development of enhanced ambient low-level convergence
along or immediately northwest of the northwestern edge of Sand Mountain.

2.

Given the 150-300 m relief of the SCS over surrounding areas, the low-level thermodynamic

environment may tend to be more supportive for tornadogenesis atop the SCS than in the adjacent
Tennessee Valley, through reduction of LCL heights.

The long-term surface observations provide evidence that surface winds tend to be stronger and more
backed atop Sand Mountain than in the adjacent Tennessee Valley, and that a maximum in surface
wind magnitude has been observed along the northwestern edge of Sand Mountain. Long-term
surface observations from both atop Sand Mountain and within the Tennessee Valley suggest that
cloud base heights tend to differ in approximate inverse proportion with the change in land elevation
(e.g. a 50-m increase in land elevation between two observation sites would lead to cloud base height
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being approximately 50 m closer to the ground at the higher-elevation site). Using these cloud base
height observations as a proxy for lifting condensation level (LCL) height would imply that LCL
heights would tend to be lower atop the SCS than in the adjacent Tennessee Valley. Tornadogenesis
potential generally increases with decreasing environmental LCL height through the decrease of
negative buoyancy of rear-flank downdrafts (RFDs) in supercells (due to less sub-cloud evaporation),
which subsequently aides the stretching of near-surface vertical vorticity (Rasmussen and Blanchard
1998, Markowski et al. 2002). . In the Rasmussen and Blanchard (1998) data set, the difference
between the median LCL heights for nontornadic or weakly tornadic (F0-F1) supercells (1230 m) and
significantly tornadic (F2+) supercells (780 m) was 450 m, illustrating how substantial an LCL height
change of 200-300 m may be in influencing the potential for tornadogenesis.
Section 5.3 investigates data gathered from VORTEX-SE across the SCS region from Fall
2016 through Spring 2019 to test these two hypotheses. In particular, observations from VORTEXSE are analyzed to address two distinct sets of research questions related to the above hypotheses:

a) How do the low-level wind profiles vary across the SCS? Does a downslope wind acceleration
exist, and do variations in the wind profile between the SCS and the adjacent Tennessee Valley
substantially affect SRH and low-level convergence?

b) How does LCL height typically vary from valley to plateau?

The results of these analyses are summarized and a refined hypothesis for how the SCS may impact
the near-storm environment and tornadogenesis potential is developed.
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5.3 Field Observations from VORTEX-SE

5.3.1 Observations of Downslope Wind Enhancement along the Northwest Side of Sand Mountain
One subject of particular observational interest within the SCS is the potential for a low-level
wind maximum to form along the northwestern edge of Sand Mountain. Froude number calculations
from upstream RUC and RAP soundings before tornado events in the SCS have indicated values
favorable for acceleration of low-level flow over the plateaus, reaching a maximum on the leeward
(northwestern) side of Sand Mountain. Long-term surface observations from automatic weather
observing stations (AWOSs) in northeastern Alabama lend some support to this hypothesis, with
surface winds persistently more backed and stronger atop Sand Mountain than in the adjacent
Tennessee Valley. Research teams deployed to the northwestern edge of Sand Mountain at
Weathington Park have also consistently reported 10-m strong winds substantially stronger than those
observed elsewhere atop the plateaus.
To test this hypothesis, observations focusing on the northwestern edge of Sand Mountain
were gathered on 19-20 March 2018, 6 November 2018, and 14-15 March 2019. Surface
observations from the M3V platform on 19 March 2018 were highlighted in Section 5.2.2 (Fig. 5.4).
These observations show a distinct maximum in surface winds along the leeward edge of Sand
Mountain relative to further near the interior of the plateau region.
The requirement for coordinated scanning strategies with other mobile radars led to only a
small number of MAX RHI scans during the 19-20 March event. However, the RHI scans that were
collected from MAX atop Sand Mountain pointing toward and roughly perpendicular to the leeward
edge of the plateau indicate an intense acceleration of the terrain-perpendicular component of the
flow across the plateau (Fig. 5.7). Radial velocity (Vr) values between 200 and 300 m above radar
level (ARL) vary from 6-7 m s-1 near the MAX location to over 20 m s-1 along the edge of the plateau
and over the Tennessee River before restoring to weaker values farther to the northwest over the
valley. In all RHIs, the observed acceleration was confined to heights below 1 km ARL, with most of
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Figure 5.7: (a) Map illustrating the location of MAX at Sylvania (see Fig. 4.1 for location), the
direction of the 318° RHI at 0038 UTC 20 March 2018, and the approximate surface wind direction
atop Sand Mountain. The area atop Sand Mountain is highlighted in green. (b) MAX RHI scan of
base radial velocity (Vr) pointed at 318° from the Sylvania, AL site at 0038 UTC 20 March 2018.
The approximate location of the northwestern slope of Sand Mountain is between the yellow dashed
lines. Isodops of radial velocity are provided in black (solid - positive, dashed - negative) every 2 m
s-1, beginning at +/- 2 m s-1.
the acceleration observed limited to below 750 m ARL. This acceleration may represent an extreme
example, however, due to the near-surface stability observed atop the plateau (Fig. 5.8).
To further investigate this wind acceleration, including the magnitude of the downward wind
component, MoDLS was located directly at the base of the leeward slope of Sand Mountain on 5-6
November 2018, at a location where the land elevation of Sand Mountain is approximately 200 m
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Figure 5.8: Sounding launched at 2358 UTC 19 March 2018 from NACC. Image produced using
SHARPpy (Blumberg et al. 2018).
higher than the elevation of the Tennessee River. The 5-6 November event consisted of a severe
quasi-linear convective system (QLCS) that produced several tornadoes across northeastern
Mississippi, northern Alabama, and southern Middle Tennessee, including an EF1 that tracked from
14 km to 7 km southwest of Scottsboro (NCEI 2019). The environment ahead of the QLCS was
characterized by southerly low-level flow and very strong low-level vertical wind shear. Vertical
stare data from the MoDLS DWL indicated persistent downward vertical motion of approximately 13 m s-1 below 600 m AGL prior to the arrival of precipitation, with a slight tendency toward weaker
62

downward motion during the night (Fig. 5.9). Ascent rate information from the soundings launched
at the MoDLS site also appears to support the idea of persistent, substantial downward vertical
motion along the lee of Sand Mountain. Ascent rates on all five soundings experienced a substantial
decrease, slowing by 1.5 m s-1 to as much as 4.5 m s-1 between 150 m and 300 m AGL (Fig. 5.10).
Furthermore, the potential temperature (θ) profiles from the soundings launched at MoDLS indicate
sharp vertical gradients in θ that are not found on soundings launched from MAX or M3V atop Sand
Mountain and would be consistent with the development of a downslope wind acceleration (e.g.
Klemp and Lilly 1975; Fig. 5.11), where the isentropes are good approximations of streamlines for
steady, adiabatic flow. Thus, the sharp vertical change in θ observed in the soundings is indicative of

Figure 5.9: MoDLS DWL vertical stare data of (a) raw vertical velocity (w), (b) w gridded every 5
min. and 100 m, and (c) mean gridded w between 100 and 600 m AGL between 0100 UTC and 0900
UTC 6 November 2018 from the Scottsboro boat launch at the base of Sand Mountain.
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Figure 5.10: Vertical profiles of potential temperature (θ) from soundings collected atop Sand
Mountain (MAX and M3V) and in the Tennessee Valley (MoDLS) on 6 November 2018.
a layer where vertical isentropes are being packed, which would be analogous to the packing of
streamlines and the acceleration of flow.
Significant cloud cover limited the vertical range of observations from the MoDLS DWL
(generally limited to approximately 600 m AGL, or the approximate height of cloud base over
MoDLS), and a lack of clear air targets precluded MAX VADs reaching 1 km AGL. Therefore, the
hodographs from paired sounding launches between MAX and MoDLS at 0230 UTC, 0630 UTC, and
0730 UTC were analyzed to assess how the downslope wind acceleration might affect the low-level
wind shear profile. In comparing the balloon sounding observations, the 0-1 km AGL SRH was
persistently much greater at the MoDLS site at the base of Sand Mountain than from either the MAX
site or from M3V atop Sand Mountain (Fig. 5.12). The implications of this observed change in SRH
are discussed in Chapter 7.
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Figure 5.11: Plots of ascent rate with height for all launches at the Scottsboro boat launch on 6
November 2018, as well as a plot of mean ascent rate for all balloons (lower-right). The red arrows
indicate the ascent rate minima associated with the downslope wind acceleration.
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Figure 5.12: Hodographs and 0-1 km SRH values from paired soundings launched at Grove Oak
(plateau/black) and the Scottsboro boat launch (base/brown) on 6 November 2018. Times listed are
the average times between the two soundings. See Table 4.2 for exact sounding launch times.
5.3.2 Low-level Wind Shear Enhancement atop Sand Mountain
The 19 March 2018 and 5-6 November 2018 cases show clear signs that a downslope wind
acceleration can form on the northwestern (leeward) edge of Sand Mountain. The data from 5-6
November 2018 show that SRH can be substantially higher near the base of Sand Mountain, but many
storms do not reside along the slope or above of immediate base of the plateau for long periods of
time. Additionally, potentially deleterious effects of the downslope wind acceleration on storm
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strength are evident, including the presence of a layer of higher static stability and persistent
downward vertical motion. A more pressing question, therefore, is how the horizontal component of
this acceleration and horizontal acceleration of parcels over the plateaus themselves may impact the
low-level wind shear profile in the near-storm environment of storms as they reach the plateau.
Given the variability of observational arrays utilized, the varying performance of remote
sensing profilers, and a general dearth of environments representative of severe storm environments
during the long-term profiling period of VORTEX-SE 2017, the dataset of balloon soundings
discussed in Section 4.2.2 were the primary source utilized to study the variation of wind profiles
between Sand Mountain and the Tennessee Valley. An initial analysis of these 40 pairs of soundings
between NACC/Powell and Hollywood/Scottsboro indicates significant variability in 0-1 km SRH
difference between the two sites, with a mean plateau-valley SRH change of 6.3 m2 s-2, a median
difference of -14.5 m2 s-2, and large boxes on the box-and-whisker plot (Fig. 5.13).
While this result would seem to refute the hypothesis that low-level wind shear and SRH tend
to be higher atop Sand Mountain than in the Tennessee Valley, a closer look at the relationship
between SRH in the Tennessee Valley and SRH atop Sand Mountain shows that may not necessarily
be the case. When a linear regression is performed between SRH at the two locations, a tendency
becomes evident for the plateau-valley SRH change to be more positive (SRH higher atop the
plateau) as the mean SRH at both locations increases (Fig. 5.14), with more points falling to the right
of the 1-1 line (indicating higher SRH atop Sand Mountain) as overall SRH increases. This tendency
is further supported when the change in SRH is compared to the mean SRH between the two locations
(Fig. 5.15), which reveals a moderately correlated, statistically-significant linear regression
relationship between the SRH change and the SRH mean values. The combination of the linear
regression relationship and the number of data points with low values of mean 0-1 km SRH in Fig.
5.15 (18 of 40 data points with mean 0-1 km SRH values <100 m2 s-2) indicates that the dominance of
sounding pair data points in marginal, non-tornadic environments may skew the interpretation of how
SRH may differ from valley to plateau in tornadic environments.
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Figure 5.13: Box-and-whisker plot of 0-1 km SRH change between NACC/Powell (Sand Mountain)
and Hollywood/Scottsboro (Tennessee Valley) sounding sites for 40 pairs of observed soundings.
Values greater than zero indicate higher SRH atop Sand Mountain. The box indicates the range
between the 25th and 75th percentile of observations (the interquartile range or IQR), and the
whiskers indicate values either the range from the minimum to maximum values or 1.5 x IQR.
The tendency for SRH to be higher atop the plateau than in the valley with increasing overall
SRH can be clearly seen from the 5 April 2017 and 22 April 2017 datasets. On 5 April, every balloon
sounding from the morning hours indicates a higher SRH in the Tennessee Valley at Hollywood than
on the Sand Mountain plateau at NACC, with SRH values in the valley generally ranging between 50
and 100 m2 s-2 higher than atop the plateau (Fig. 5.16). During these morning hours, SRH magnitudes
at the two sites generally ranged from around 0 to 100 m2 s-2. As the overall SRH increased during
the afternoon hours, the tendency reversed, with higher SRH values at NACC than at Hollywood.
This trend seen in the balloon sounding data is further supported by the CLAMPS-2 and MoDLS
DWLs at Scottsboro and NACC, respectively. Both lidars began retrieving VAD profiles at least 1km deep just after 2000 UTC, as the larger-scale SRH increase was ongoing and low clouds cleared
out of the area. Although some noise in the 0-1 km SRH calculations is evident between VAD scans
on each lidar, values are higher atop Sand Mountain than in the Tennessee Valley. Furthermore, the
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Figure 5.14: Scatterplot, linear regression, and correlation analysis comparing 0-1 km SRH values
atop Sand Mountain to those in the Tennessee Valley for the 40 observed sounding pairs between
NACC/Powell and Hollywood/Scottsboro.
difference in SRH tends to be greater as the overall SRH peaks at 300-450 m2 s-2 between
approximately 2130 and 2300 UTC (Fig. 5.16). This trend in overall increasing SRH and the
difference between plateau and valley SRH increasing during the day on 5 April 2017 also appears in
balloon soundings southwest of NACC and Hollywood, at Guntersville (in the Tennessee Valley) and
Geraldine (atop Sand Mountain, Fig. 5.17). The overall difference in the wind profiles and SRH at
Guntersville and at Geraldine is a bit muted as compared to farther northeast at NACC and
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Hollywood, which may be a byproduct of Geraldine being at a lesser elevation relative to the valley
(approximately 150 m relief) than NACC (approximately 200 m relief).

Figure 5.15: As in Fig. 5.14 for 0-1 km SRH change between plateau and valley sites and 0-1 km
SRH mean values between sites.
The observations from 5 April 2017 are consistent with the overall dataset of SRH
observations, as well as other individual cases within that dataset. One such case is 22 April 2017.
This event featured a supercell that produced a brief EF0 tornado atop Sand Mountain, as well as at
least one tornado north of the Tennessee Valley near Skyline, Alabama. The overall pattern featured
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Figure 5.16: Comparison of 0-1 km SRH values derived from MoDLS (atop Sand Mountain at NACC
- red line) and CLAMPS-2 (in the Tennessee Valley at Scottsboro - blue line) to soundings (dots)
between 1100 UTC and 2359 UTC 5 April 2017. 0-1 km SRH from the Doppler wind lidars is only
provided after 2000 UTC, when the profilers were able to produce wind profiles at least 1 km deep.
west-northwest flow aloft, veered low-level flow, and relatively small values of SRH in the broader
environment. The observations from CLAMPS-2 at Scottsboro and MoDLS at NACC indicated very
little difference in SRH values in the environment, and overall SRH that was smaller than the values
observed on 5 April (Fig. 5.18).
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Figure 5.17: Hodographs from soundings launched at NACC (plateau) and Hollywood (valley, left)
and Geraldine (plateau) and Guntersville (valley) at around 1600 UTC (top) and 2200 UTC (bottom)
on 5 April 2017.
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Figure 5.18: As in Fig. 5.16 between 1800 UTC and 2359 UTC 22 April 2017.
Overall, the observations support the hypothesis that SRH tends to be higher atop the plateaus
than in the valley in environments of large mean SRH, and higher in the valley than atop the plateau
in environments of small mean SRH. The relationship between broader environmental tornadic
favorability, the difference in SRH between valley and plateau, and possible physical explanations
linking the effects of the plateau on the low-level flow to how SRH enhancement varies are discussed
in Chapter 7.

5.3.3 LCL Height Changes
In addition to wind profile modifications, Section 5.2.1 addressed the potential for
thermodynamic profile changes over the SCS. Long-term surface observations in tornadic
environments have shown a general tendency a decrease in LCL heights atop Sand Mountain versus
those over the Tennessee Valley. Two primary outstanding questions that the dataset in Section 5.2.1
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cannot address, however, are (1) whether or not these LCL changes truly scale to the terrain elevation
changes, leading to even greater LCL height differences in between areas where the relief in elevation
is more pronounced, and (2) whether or not changes in LCL height from valley to plateau can have a
meaningful effect on the cold pool characteristics of deep convection moving through the region.
The balloon sounding data sets collected across northeastern Alabama indicate that a clear
difference in LCL height typically exists between the top of the SCS and the adjacent Tennessee
Valley. The 40 sounding pairs detailed in Section 4.2.2 show a mean decrease in mixed-layer (ML)
LCL height of 84 m AGL from valley to plateau and a median decrease of 132 m (Fig. 5.19). When
the four outlier data points from Fig. 5.19 are removed, a strong linear correlation can be confirmed
between LCL heights at NACC/Powell and Hollywood/Scottsboro (r = 0.96, Fig. 5.20), and the mean
and median LCL decrease from valley to plateau change to 128 and 137 m AGL, respectively.
Thirty-two of 36 points in Fig. 5.20 are located to the left of the 1-1 line, indicating higher LCLs in

Figure 5.19: As in Fig. 5.13 for mixed layer LCL height change. Values greater than zero indicate
higher LCLs atop Sand Mountain, and markers indicate outliers outside 1.5 x IQR.
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Figure 5.20: As in Fig. 5.14 for ML LCL, excluding the outlier values depicted in Fig. 5.19.
the valley at Hollywood than atop Sand Mountain at NACC. The differences in how these observed
LCL changes scale to the change in land elevation between the plateau and the valley are discussed in
Chapter 7.

5.3.4 In-situ Observations within Rear-Flank Downdraft Outflows
While it is clear that LCL height tends to be lower atop the SCS than over the adjacent
Tennessee Valley, these observations alone do not describe whether or not the LCL height changes
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are meaningful enough or can affect a storm moving from the valley to the plateaus quickly enough to
have a meaningful impact on its potential to produce a tornado. To begin addressing this question,
surface observations were collected from the RFDs of supercells during the 22 April 2017 and 19
March 2018, as well as in the proximity of a circulation embedded within the 5-6 November 2018
QLCS event. In each case, a profiler (RaDAPS on 22 April 2017 and MoDLS on 19 March and 5-6
November 2018) was serendipitously located within the Tennessee Valley as a supercell RFD passed
over their locations, after which M3V targeted the RFDs of those same supercells on Sand Mountain,
as described in Section 4.2.2. On 22 April 2017, RaDAPS was located in the Tennessee Valley at
Fackler, Alabama, and sampled regions I and IV of the supercell RFD (as labeled in Fig. 2.2), while
M3V was located at Ider and sampled regions II and III (Fig. 5.21). Regions I and II of the 19 March
2018 supercell passed over MoDLS in the Tennessee Valley at Falkville, Alabama, before M3V
intercepted regions III and IV of the same RFD atop Sand Mountain at Boaz, Alabama (Fig. 5.22).
On 6 November 2018, regions II and III of an embedded supercell impacted both MoDLS at the
Scottsboro boat dock and M3V at Dutton, Alabama (Fig. 5.23).
Table 5.1 summarizes the surface observations in the three cases previously described. In all
three cases, the θv deficits in the RFDs were greater in the Tennessee Valley than those observed atop
Sand Mountain. On 22 April 2017 (Fig. 5.24) and 19 March 2018 (Fig. 5.25), the RFD θe deficits
were also greater in the Tennessee Valley, while the RFD on 6 November 2018 (Fig. 5.26) featured a
stronger θe deficit atop Sand Mountain than in the Tennessee Valley. How these observations
compare to past RFD buoyancy observations and the limitations of these findings are discussed in
Section 7.
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Figure 5.21: 0.5° PPI of Ze (left) and Vr (right) at 2253 UTC (top) and 2325 UTC (bottom) on 22
April 2017, showing the regions of the RFD that passed over RaDAPS in the Tennessee Valley and
M3V atop Sand Mountain.
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Figure 5.22: 0.5° PPI of Ze (left) and Vr (right) at 2345 UTC 19 March 2018 (top) and 0041 UTC 20
March 2018 (bottom), showing the regions of the RFD that passed over MoDLS in the Tennessee
Valley and M3V atop Sand Mountain.
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Figure 5.23: 0.5° PPI of Ze (left) and Vr (right) at 0845 UTC (top) and 0852-0853 UTC (bottom) on 6
November 2018, showing the regions of the RFD that passed over MoDLS in the Tennessee Valley
(at the base of Sand Mountain) and M3V atop Sand Mountain.
Table 5.1: Summary of statistics for RFD observations on 22 April 2017, 19 March 2018, and 6
November 2018.
Tdd
θv'
θe' RFGDF Time of Arrival (UTC)
Date
Location
RaDAPS (Tennessee Valley)
M3V (Sand Mountain)
19 March MoDLS (Tennessee Valley)
2018
M3V (Sand Mountain)
6 November MoDLS (Tennessee Valley)
2018
M3V (Sand Mountain)
22 April
2017

1.3 K
0.9 K
3.8 K
1.5 K
2.5 K
0.6 K
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-3.5 K -9.1 K
-3.0 K -8.9 K
-5.6 K -10.0 K
-2.7 K -5.3 K
-3.7 K -7.8 K
-3.5 K -9.7 K

2257
2329
2339
0038
0846
0857

Figure 5.24: Comparisons of surface temperature and dewpoint (upper-left), dewpoint depression
(upper-right), virtual potential temperature (θv, lower-left) and equivalent potential temperature (θe,
lower-right) within the rear-flank downdraft of the same supercell on 22 April 2017 from locations
within the Tennessee Valley (dashed) and atop Sand Mountain (solid).
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Figure 5.25: As in Fig. 5.24 for 19 March 2018.
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Figure 5.26: As in Fig. 5.24 for 6 November 2018.
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CHAPTER 6

WRF SIMULATION

Numerical simulations using the WRF-ARW model were performed on the 29-30 November
2016 tornado outbreak, with analysis performed on the simulation described in Section 4.3. This case
was originally chosen for simulation because (a) of the high-impact tornadoes that occurred on Sand
Mountain and (b) this was the first event with tornadoes in the SCS and a domain of UAH research
vehicles deployed to the region.
Two major factors hampered the analysis of the WRF output in the context of the outbreak
itself, however. A cursory analysis of the WRF output indicates that substantial inaccuracies were
present in how the convection evolved within and surrounding the SCS domain. While the WRF
member that was run with a 250-m grid spacing inner nest was the most accurate of the 20
experiments conducted, it still failed to capture the timing of the prefrontal supercells that affected the
SCS by several hours, and the one prefrontal supercell that did develop in the WRF simulation missed
the SCS, passing instead along the northwestern edge of the Tennessee Valley (Fig. 6.1). The WRF
does capture the evolution of a QLCS impacting the SCS, but it arrives approximately two hours later
to the northwest edge of Sand Mountain than the observed QLCS that night (Fig. 6.2). The
weakening of the QLCS observed in Fig. 6.2d by 1100 UTC is also not properly captured in the WRF
simulation (Fig. 6.2c).
The second major factor hampering the analysis of the WRF output is the use of RaDAPS
atop the plateau as one member of the paired wind profiling instruments. During most of the 2017
field campaign, MoDLS was paired with CLAMPS-2 to collect wind profiles atop Sand Mountain
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Figure 6.1: (a) WRF inner-nest simulated composite reflectivity and updraft helicity (UH) >25 m2 s-2
at 0530 UTC 30 November 2016. (b) 0.5° Ze PPI from KHTX at 0529 UTC 30 November 2016. The
white dashed line in (a) indicates the approximately location of the NW slope of Sand Mountain. The
blue polygon in (b) indicates the edges of the SCS.
and in the Tennessee Valley. The use of RaDAPS on 29-30 November 2016 is problematic because
of the problems with the 915-MHz wind profiler discussed in Section 4.2.1. One-hour time
averaging of the wind profiles excessively smoothed potentially important variations in the wind and
wind shear profiles. Furthermore, an error early in the data collection from RaDAPS (likely owing to
an incorrect input bearing) led to excessively high wind speeds being recorded in the initial hour of
the deployment, and a combination of significant ground clutter and aggressive quality control of
wind retrievals by the wind profiler’s signal processor led to a lack of observations below 400 m AGL
(Fig. 6.3). Given the smoothing of the wind profiles, it is likely that these extremely strong wind
magnitudes led to errors later during the night also.
With these factors in mind, the WRF output analysis was refocused to serve as a cursory
analysis of whether or not WRF could capture some of the properties of SCS severe storm
environments that have been seen in the observations gathered across the region that were
documented in Chapter 5. These observations include the change in SRH between the plateaus and
the Tennessee Valley, the difference in LCL heights, and the development of the downslope wind
acceleration. This analysis was performed on the time period from 0300 UTC 30 November to 1100
UTC 30 November in the model. 0300 UTC was chosen as the start time for the analysis in order to
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Figure 6.2: (a) As in Fig. 6.1a at 0940 UTC 30 November 2016. (b) As in Fig. 6.1b at 0939 UTC 30
November 2016. (c) As in Fig. 6.1a at 1100 UTC 30 November 2016. (b) As in Fig. 6.1b at 1101
UTC 30 November 2016.
allow for model spinup, and 1100 UTC was chosen as the end time as the QLCS convection reached
the SCS in the simulation.
Analysis of the north-south cross-sections described in Section 3.3 reveals that the WRF
simulation managed to capture some characteristics of environmental variation captured in the SCS
by field teams, but struggled with others. Initial snapshots of cross-sections of MLLCL height show
that MLLCL appears to differ between Sand Mountain and the Tennessee Valley in a comparable
range to the variation seen in observations (Fig. 6.4). These snapshots reveal that MLLCL heights are
lower relative to ground level atop the SCS than in lower elevation areas both north and south of it.
Furthermore, MLLCL heights decrease within the entire domain during the course of the night in the
WRF simulation.
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Figure 6.3: Time-height profile of wind speed collected by the 915-MHz Doppler wind profiling radar
at NACC on 30 November 2016. Note the excessive wind speeds in the 0300 and early 0400 UTC
hours and the gap in data between 200 m and 400 m AGL.
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Figure 6.4: WRF MLLCL, MLLFC, and land elevation cross-sections across the SCS and Tennessee
Valley at (a) 0300 UTC, (b) 0500 UTC, (c) 0700 UTC, and (d) 0900 UTC 30 November 2016. The
label “LM”, “WV”, “SM”, and “TV” denote the locations of Lookout Mountain, the Wills Valley,
Sand Mountain, and the Tennessee Valley, respectively.
A similar cross-section of 0-1 km SRH, however, does not show the variation in SRH
between Sand Mountain and the Tennessee Valley that observations would suggest might be expected
in a tornadic environment (Fig. 6.5). Using a Bunkers right-moving (RM) storm motion estimate
(Bunkers et al. 2000) shows an overall lack of large-scale variability across the cross-sections.
However, using the observed storm motion from the event in the 0-1 km SRH calculations shows a
general peak in SRH along the northwest edge of Sand Mountain, which also appears in a smaller
magnitude in the Bunkers RM calculation.
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Figure 6.5: As in Fig. 6.4 for 0-1 km SRH, using both the Bunkers right-moving storm motion and the
storm motion observed during the outbreak.
The differences between the Bunkers RM and observed storm motion SRH profiles is likely
related to the Bunkers RM estimated storm motion being tied to the environmental wind profile.
Thus, enhancements or changes in the wind profile would enhance or change the estimated storm
motion, while the calculations using the observed storm motion assume that the storm motion remains
constant as the storm interacts with orographic flow enhancements. Changes in the storm motion
estimate would directly impact calculation of the SRH at any given grid point. The assumed constant
nature of storm motion in the observed motion SRH calculations may account for the north-south
noise in SRH values. Animations of simulated reflectivity and w (not shown) indicate the likely
presence and growth of gravity waves in the inner nest during the simulation experiment. With storm
motion being held constant in the observed storm motion calculations, perturbations in the wind
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profile associated with these apparent gravity wave features may be responsible for the noise in the
north-south SRH cross-sections for the observed storm motion calculations. The Bunkers RM
calculations do not show the same level of variation, likely because the perturbations in the wind
profile lead to corresponding perturbations in estimated storm motion, effectively cancelling the
effects of the gravity waves in the SRH calculations. The peak in observed SRH along the
northwestern edge of Sand Mountain is a more persistent feature in SRH animations, unlike other
peaks that appear in Fig. 6.5. The peak in SRH using observed storm motion appears potentially
consistent with the SRH observations from 6 November 2018, where 0-1 km SRH showed a marked
increase in magnitude in hodographs from the base of Sand Mountain as compared to hodographs
from atop Sand Mountain.
To further evaluate the evolutions of MLLCL and 0-1 km SRH in the WRF simulation, time
series of each variable were created at the three grid points closest to the Hollywood, Scottsboro boat
launch, and NACC sites (Fig. 6.6). The MLLCL plots shows that MLLCL heights were generally
lower atop the plateau that in the valley or at the boat dock during the course of most of the night,
with the exception of the period between 0710 UTC and approximately 0905 UTC. The exact cause
of the change in ML LCL height difference during this period is unclear, given that the locations
evaluated were not impacted by significant modeled convection during this timeframe (Fig. 6.7).
However, a slight cooling/stabilization in the valley within the model output may have been a factor,
as evidenced by 2-m temperature output at Hollywood and the Scottsboro boat dock (Fig. 6.8).
Given that the 0-1 km SRH observations are at least consistent from those collected by
balloons in the observed downslope wind region on 6 November 2018, further analysis of the crosssections was performed in order to gauge whether or not a downslope wind was indeed modeled by
the WRF simulation. Analysis of cross-sections of vertical motion (w), terrain-perpendicular wind
(U), and potential temperature (θ) all indicate that the WRF does develop a downslope wind
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Figure 6.6: Time series plots of (a) ML LCL and (b) 0-1 km SRH from the innermost nest of the
WRF simulation at the grid points closest to Hollywood, the Scottsboro boat dock, and NACC
between 0300 and 1100 UTC 30 November 2016.
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Figure 6.7: As in Fig. 6.1a at (a) 0710 UTC, (b) 0810 UTC, and (c) 0910 UTC.
acceleration along the northwestern slope of Sand Mountain (Fig. 6.9). The WRF simulation also
shows that the downslope wind acceleration leads to a zone of enhanced negative vertical vorticity
(ζ), near-surface divergence, and deeper boundary layer convergence along the NW side of Sand
Mountain (Fig. 6.10). How the findings from the WRF simulation compare and contrast to the
observations and the questions the output raises are discussed in Chapter 7.
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Figure 6.8: As in Fig. 6.6 for 2-m temperature.
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Figure 6.9: North-south cross-sections of (a) U and (b) w and θ at 0500 UTC 30 November 2016,
exemplifying the WRF depiction of the downslope wind acceleration.

93

Figure 6.10: North-south cross-sections of (a) ζ and (b) divergence at 0500 UTC 30 November 2016,
exemplifying the WRF depiction of – ζ and a vertical couplet of divergence near the surface and
convergence aloft in the vicinity of the downslope wind acceleration.
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CHAPTER 7

ANALYSIS AND DISCUSSION

The preliminary observations presented in this analysis generally support the hypotheses
presented in Section 5.2.4 as to how the near-storm environment of storms in northeastern Alabama
may be affected by the SCS plateaus. Datasets gathered on 19 March 2018 and 5-6 November 2018
show clear evidence that low-level flow tends to accelerate over Sand Mountain, reaching a
maximum in a downslope wind acceleration along the northwestern (leeward) edge. The acceleration
of the low-level flow over the plateau in the terrain-perpendicular direction can be substantial. The
terrain-perpendicular wind increased by nearly a factor of two to three below 500 m ARL across a
distance of about 23 km from the MAX site atop Sand Mountain to the peak of the wind acceleration
over the Tennessee River before rapidly decreasing over the valley on the other side of the river from
Sand Mountain. The 5-6 November 2018 dataset indicates that the downward vertical motion in this
downslope acceleration may persistently reach a magnitude of 1-3 m s-1 in tornadic environments, and
that 0-1 km AGL SRH can potentially be 25-50% higher at the base of Sand Mountain than even atop
the plateau.
The differences in low-level wind shear profiles from the surface atop Sand Mountain to the
Tennessee Valley, however, are far more complicated. While the data sets of comparison soundings
between Sand Mountain at NACC/Powell and the Tennessee Valley at Hollywood/Scottsboro do not
indicate a clear tendency for higher SRH atop Sand Mountain, the scatterplot of SRH at the two
locations indicates that SRH enhancement atop the plateau may at least in part be related to an overall
increase in SRH in the meso-β-scale environment. This relationship raises two questions, the answers
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to which could lend toward understanding of how and why wind profiles may be linked to the
background environment and also serve to aid in operational utility of the findings in northeast
Alabama.
The first question is whether or not the difference in SRH between the plateaus and the
valley/surrounding areas is linked to the kinematic and thermodynamic characteristics of parcels
upstream from the plateaus. To address this question, the FrH values computed from Anniston RAP
soundings (see Fig. 4.1 for location) described in Section 4.2.3 were utilized. The first discrimination
made in upstream FrH values was between cases where FrH on the Anniston RAP sounding was real
and those where it was imaginary. Imaginary values of FrH are the result of cases where the stability
over the lowest 250 m of the RAP sounding was either dry neutral or absolutely unstable (i.e. N was
zero or imaginary). Of the 40 sounding pairs, 18 matched with Anniston RAP soundings that
featured imaginary values of FrH. A comparison between those 18 cases and the 22 remaining cases
where FrH was real shows a tendency for cases of real FrH to feature greater plateau-valley SRH
changes than cases of imaginary FrH, with imaginary cases typically featuring higher SRH in the
Tennessee Valley (Fig. 7.1). Interestingly, this tendency for higher SRH atop Sand Mountain than in
the Tennessee Valley in cases of real FrH is fairly consistent with the climatology of tornado
occurrence by hour presented in Fig. 5.2. Peak tornado occurrence generally occurs during the
afternoon-evening transition, nighttime, and early morning hours, when the boundary layer should be
at least slightly statically stable. However, both imaginary and real FrH datasets feature a substantial
amount of variability, with a large overlap noted between the boxes.
A closer examination of the observations featuring real FrH upstream values indicates that a
further relationship exists between FrH and the change in SRH between the plateau and the valley.
When outlier values of extremely high FrH are excluded (as defined by a box plot of real FrH - not
shown), a moderately correlated, statistically significant relationship between FrH and the plateauvalley SRH change is established (Fig. 7.2). Among elements of FrH, N shows the stronger
correlation with FrH (negatively signed), while U shows a weaker correlation. The cause of N being
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Figure 7.1: As in Fig. 5.12, discriminating by cases where the upstream FrH number at Anniston from
the RAP was real (left) and imaginary (right).
more strongly correlated to SRH change than U is unknown. Although the p-value of the linear
regressions between N, U, and FrH versus SRH change indicates statistical significance, the ability to
confidently diagnose a relationship between FrH and SRH change is limited by the small sample size
of 19. When the three excluded outlier cases are added back into the analysis, the regression slope
becomes smaller and the correlation between FrH and SRH change becomes weaker (not shown),
indicating that the relationship between FrH and SRH change may only apply to a certain range of FrH
values and not to cases of very high values of FrH.
With lower values of N indicating less static stability and higher values of U indicating
stronger and/or more backed low-level flow (given the orientation of the plateaus), the relationship
between FrH and SRH change between the plateau and the valley raises the question as to whether or
not the SRH change can also be more generally linked to the tornadic favorability of the surrounding
environment. To assess this question, the Anniston RAP soundings used to compare FrH to SRH
change were used to compare effective inflow layer significant tornado parameter (STP; Thompson et
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Figure 7.2: Scatterplots, linear regressions, and correlations of RAP-derived N (top), U (middle), and
FrH (bottom) values compared to observed 0-1 km SRH change from paired soundings for cases
where FrH was real and not an outlier (outside 1.5 X IQR). Values greater than zero indicate higher
SRH atop Sand Mountain.
al. 2012) to the SRH difference between the Powell/NACC locations atop Sand Mountain and the
Hollywood/Scottsboro locations in the Tennessee Valley (Fig. 7.3). As with FrH, STP is moderately,
positively correlated to higher SRH atop Sand Mountain than in the Tennessee Valley for the 19
available cases where FrH is real and not a statistical outlier.
Given the relationships between SRH difference and STP, and SRH difference and FrH, a
larger dataset was examined using Anniston RAP soundings to compare FrH and STP. The upstream
Anniston RAP soundings that were used in Figs. 7.2 and 7.3 and 32 additional null cases (zero-hour
forecast soundings at the approximate hour of arrival of organized non-tornadic convection to the
northwestern edge of Sand Mountain) were added to the upstream soundings used for the FrH and
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Figure 7.3: As in Fig. 7.2 for observed 0-1 km SRH change and RAP-derived effective STP values
from Anniston.
STP vs. observed SRH difference comparisons to create a database of 106 RAP soundings from
which to compare FrH and STP. Of these 108 soundings, 82 contained real values of FrH, 74 of which
were not statistical outliers. These 74 soundings indicate yet another moderately correlated,
statistically significant relationship between FrH and effective inflow layer STP from Anniston RAP
soundings (Fig. 7.4). Similarly to the correlation between FrH and SRH change discussed previously
in this section, the correlation between FrH and SRH decreases dramatically for cases of very high
(outlier) FrH (not shown), with all eight points where FrH is an outlier in the data set associated with
soundings of STP < 1.
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Figure 7.4: Scatterplot, linear regression, and correlation for RAP-derived values of FrH and effective
STP for RAP soundings at Anniston prior to paired observational soundings, SCS tornado events, and
null cases. Cases where FrH is an outlier on a box-and-whisker plot are excluded.
While the sample size of soundings with real FrH and paired balloons soundings is small, a
linear regression model with moderate correlation and statistical significance can be fit to the
relationship between FrH and plateau-valley SRH change. It is reasonable, therefore, to ask how FrH
and plateau-valley SRH change may vary between tornadic and nontornadic events on Sand
Mountain. To address this, the linear regression equation provided in Fig. 7.2 between SRH change
and FrH was applied to the RUC and RAP soundings from Anniston with real FrH values utilized in
Section 4.2.2 and the null cases added for the analysis presented Fig. 7.4 to predict the SRH change
between NACC and Hollywood based on the model sounding value of FrH. The cases were stratified
by null (nontornadic convective) events, weak tornado events (EF0-EF1), and significant tornado
events (EF2+).
Figure 7.5 provides box plots of FrH stratified by each category. While the boxes for
nontornadic and weak tornadic cases are very similar, there is no overlap between those boxes and the
significant tornado cases box, indicating that significant tornado cases have statistically-significantly
higher values of upstream FrH in the sample. Unsurprisingly, a similar pattern appears in the box
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Figure 7.5: Box-and-whisker plots of FrH from Anniston RUC/RAP soundings for non-tornadic, weak
tornadic (EF0-EF1), and significantly tornadic (EF2+) cases where upstream FrH is real.
plots for SRH change (Fig. 7.6). For all three categories, the top 75% of cases would have higher
SRH atop Sand Mountain than in the Tennessee Valley, according to the regression model. However,
for the EF2+ cases, the predicted SRH change between plateau and valley is very high, with the
middle 50% of cases falling between approximately 150 and 275 m2 s-2. Extreme caution should be
used in interpreting these result because of the moderate nature of the correlation between FrH and
SRH change, the small sample size on which the regression equation is based, and the small sample
size of cases on which the regression equation is applied. These calculations are best used as
motivation for further investigation into when SRH is higher on the plateaus than at lower elevations
and by what magnitude those differences may be.
The numerical simulation study of the 29-30 November 2016 tornado outbreak presented in
Chapter 6 does increase uncertainty as to just how common, representative, and ubiquitous the SRH
increase atop the plateau in tornado-supportive environments is. As shown in Figs. 6.5 and 6.6b, the
SRH values atop the plateau and out across the valley away from the base are very similar during the
course of the event. However, the need to parameterize the boundary layer, even at 250-m grid
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Figure 7.6: As in Fig. 7.5 for the SRH change between Sand Mountain and the Tennessee Valley
predicted by the regression model in Fig. 7.2.
spacing, brings into question exactly how accurately the WRF is capturing the behavior of the flow
over the plateaus.
In addition to changes in the wind and wind shear profiles between the top of the plateau and
the middle of the valley, observations from 19 March 2018 and 6 November 2018 also provide
evidence of a downslope wind acceleration along the northwestern edge of Sand Mountain. RHIs
from the MAX radar show that the horizontal wind acceleration associated with this downslope wind
can be substantial, with the terrain-perpendicular wind speed increasing by a factor of three to four
between the MAX site at Sylvania and the northwestern edge of the plateau (Fig. 5.7). The MoDLS
Doppler wind lidar vertical stare data from 6 November indicates a persistent 1-3 m s-1 downward
vertical motion ahead of the QLCS with embedded supercells that moved through the SCS domain
that evening (Fig. 5.9). Furthermore, soundings from the MoDLS site indicate 0-1 km SRH values
were much higher near the base of Sand Mountain than even on top of the plateau (Fig. 5.11).
Despite these observations that suggest substantial enhancement of the wind shear profiles
along the northwestern edge of Sand Mountain, there are several reasons to question whether or not
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these enhanced wind shear profiles and SRH values can positively impact the potential for
tornadogenesis in a supercell crossing over the northwestern edge of Sand Mountain. The zone of
higher SRH is likely very narrow, as evidenced by the WRF simulations and the comparison
hodographs between Grove Oak and the Scottsboro boat dock on 6 November 2018. Even with
storms often approaching the slope at a sharply oblique angle, the amount of time storms are able to
reside in this zone is likely quite limited. An even more substantial problem may be whether or not
the enhanced helicity is even accessible to updrafts at all. The vertical packing of isentropes in the
downslope wind enhancement that is indicated in the 6 November 2018 soundings from the
Scottsboro boat dock (Fig. 5.10) indicates a layer of more statically stable air. This layer of more
stable air is also depicted in the WRF simulation, manifested in a persistent ribbon of enhanced CIN
along the northwestern edge of Sand Mountain (Fig. 7.7). It is quite possible that few, if any, parcels
within the layer of enhanced SRH can actually be ingested by updrafts. It should be noted that the
ML level of free convection (LFC), also plotted in Fig. 6.4, was at a persistent maximum along the
northwestern edge of Sand Mountain in the WRF simulation, within the zone of enhanced CIN.

Figure 7.7: WRF simulation ML convective available potential energy (CAPE, shaded) and
convective inhibition (CIN, blue contours) at 0910 UTC 30 November 2016, exemplifying the ribbon
of enhanced CIN along the northwestern edge of Sand Mountain.
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Unfortunately, the small number of observed soundings gathered along the base of Sand Mountain
precludes performing the same statistical analysis on ML LFC between the northwestern edge of
Sand Mountain and other nearby SCS locations, as was performed for ML LCL and 0-1 km SRH
between NACC and Hollywood, but further study of ML LFC, ML CIN, and how they vary from
within to outside of the downslope wind enhancement is encouraged. Finally, the WRF simulation
results in Fig. 6.9 indicate the presence of near-surface divergence and negative vertical vorticity,
both of which would serve to counteract the effects of enhanced SRH. Low-level divergence would
hinder stretching of positive vertical vorticity, while negative vertical vorticity would directly
counteract the effects of additional tilted streamwise vorticity.
While there is evidence that SRH can be higher atop the plateaus (and particularly among the
northwestern side of Sand Mountain) than in the Tennessee Valley, observations and numerical
simulations appear to indicate that the behavior of parcels being advected over the plateaus appears to
be the primary driver in wind and wind shear profile changes. None of the observations presented in
Chapter 4 or otherwise reviewed in analysis of SCS datasets seem to indicate any substantial
channeling of flow within the Tennessee Valley, such as the processes described in Section 2.2.
Furthermore, no clear channeling signal is evident in the terrain-parallel wind component of the WRF
simulation (Fig. 7.8).
In addition to low-level wind and wind shear profile changes, the observations gathered from
Sand Mountain and the Tennessee Valley indicate a strong connection between the higher elevation
of Sand Mountain and lower mixed-layer LCL heights, as discussed in Section 5.3.3. While the
NACC/Powell and Hollywood/Scottsboro sounding locations featured a land elevation difference of
about 200 m, the median ML LCL height difference was only about 132 m AGL. This discrepancy
may be because most of the soundings gathered in the dataset were taken during daylight hours, when
surface heating atop the plateau would increase the temperature above what it would otherwise be if
the plateau surface temperature scaled adiabatically (assuming the same potential temperature) to the
valley surface temperature. While the relative humidity sensors in the InterMet radiosondes are only
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Figure 7.8: As in Fig. 6.8 for the terrain-parallel wind component, exemplifying the lack of distinct
channeling signal in the Tennessee Valley.
accurate to within 5% at 95% confidence (InterMet 2019a,b), which could lead to an approximately
1°C dewpoint error and subsequent 125-m error in LCL height (Lawrence 2005), the consistency of
the observations and strong correlation between valley and plateau LCL heights bolsters confidence
in these observations. Additional nocturnal observations could potentially shed more light on the
diurnal variation in LCL height change from valley to plateau.
One outstanding question across all these analyses is whether or not the environmental
differences observed between the plateaus and the adjacent valley can substantially impact the storm.
While this dissertation does not specifically seek to address storm-scale impacts of the plateaus, some
of the observations and model output can be used to frame a couple potential direct storm-scale
effects. The RFD observations summarized in Section 4.3.4 were analyzed to assess potential
changes in RFD buoyancy relative to the surrounding environment as supercells moved from the
Tennessee Valley to atop Sand Mountain. To understand these observations and assess their validity,
they must be placed in the context of past observations, particularly those from M02. Figure 7.9
compares the observations from 22 April 2017, 19 March 2018, and 6 November 2018 to the linear
regression between θv’ and environmental Tdd presented in M02 (Fig. 2.3), which is particularly
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Figure 7.9: Scatterplot of environmental Tdd and RFD θv’ values for the supercells intercepted by
UAH instruments on 22 April 2017, 19 March 2018, and 6 November 2018. The best-fit line from
M02 presented in Fig. 2.3 is plotted for reference. The mean θv’ values represented averages of the
mean θv’ values in all four quadrants of RFDs for non-tornadic, weak tornadic, and significantly
tornadic supercells, as indicated in Fig. 2.3a.
important given that the base environmental state could not be evaluated using the same methodology
as presented in M02. The method used to evaluate the base environmental state was discussed in
Section 4.2.2. Comparing the RFD observations to the M02 dataset shows that the relationship
between the environmental Tdd and θv’ measured atop Sand Mountain and in the Tennessee Valley are
fairly consistent with the past observations, with most of the data points falling near the best-fit line.
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In addition to questions about the consistency between these observations and the past
observational data presented in M02, another major question to be had is whether or not any changes
in the environmental LCL height and potential effects on RFD buoyancy have enough time to actually
change the RFD buoyancy characteristics as supercells move across the plateaus. To address this, the
average values of the mean θv’ in the four quadrants of the RFDs of supercells observed in M02 were
computed and overlaid in Fig. 7.9. The changes in θv’ observed in the supercell RFDs as they move
from the Tennessee Valley to Sand Mountain on 22 April 2017 and 19 March 2018 suggest that θv’
changes in supercell RFDs as they move from the valley to the plateau may be substantial enough in
some circumstances to favor an increased potential for tornadogenesis. While a decrease in θv’
magnitude is also noted on 6 November 2018, the change is minor compared to the other cases. It is
worth noting, as shown in Figs. 5.24 through 5.26, that the observations on 6 November 2018
between the valley and plateau sites were the closest in time and space across the three events, which
may have led to less of a response of the θv’ values in the RFD between observations. On the other
hand, the fact that the 6 November 2018 supercell was embedded within a QLCS (unlike the more
discrete supercells on 22 April 2017 and 19 March 2018), and thus likely associated with a more
organized cold pool, may have also played a similar role in muting the θv’ response as the supercell
moved from valley to plateau. Furthermore, the significant change in θv’ observed on 19 March 2018
was likely aided by the presence of a synoptic warm front in the SCS domain, although the surface
measurements from M3V (Fig. 5.25) indicate that the supercell likely had not fully crossed into the
cold side of the surface boundary.
The complications described above, the extremely small number of cases (3), and the fact that
each case only has one ground-relative observation point at each plateau and valley site certainly
preclude drawing any conclusions as to whether or not changes in LCL height can act on a storm’s
RFD θv’ quickly enough as it moves atop Sand Mountain to have a meaningful impact on
tornadogenesis potential. However, these cases do indicate that further research into this potential
storm-scale affect is warranted. All three cases did feature the expected decrease in θv’ magnitude
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that would be expected given a lowering of environmental LCL heights. Additional observations and
numerical simulations of supercells passing over the SCS will be needed, however, to determine the
importance of typical θv’ changes in supercells passing through the domain on the likelihood of
tornadogenesis.
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CHAPTER 8

CONCLUSIONS

An apparent maximum in tornado activity appears to exist across the northeastern portion of
Alabama, across the Sand Mountain and Lookout Mountain plateaus, which were defined herein as
the Southern Cumberland System (SCS). This region displays a higher rate of historical tornado
activity when compared to surrounding areas, particularly to the north and south of the plateaus.
Furthermore, a close examination of tornado activity across the SCS reveals a distinct tendency for
tornadogenesis to occur in close proximity to the northwestern edge of the Sand Mountain plateau.
Longtime operational meteorologists serving northeastern Alabama have anecdotally noted that storm
intensification and tornado development in the SCS tends to occur rapidly. The cases detailed in
Section 3.2 showcase how this observed rapid evolution and intensification upon crossing atop Sand
Mountain can occur in both supercells and QLCSs.
Observations from the VORTEX-SE 2017 field campaign and other deployments across
northeastern Alabama indicate that low-level wind and thermodynamic profiles can vary substantially
across underlying variations in topography, particularly between the Sand and Lookout Mountain
plateaus as compared to the adjacent Tennessee Valley. LCL heights are consistently observed to be
closer to the ground surface atop Sand Mountain than in the adjacent Tennessee Valley. A downslope
wind acceleration was documented herein along the northwestern edge of Sand Mountain, and given
the dimensions of the plateau system, is likely fairly ubiquitous in environments where N is real and
U is positive. Values of 0-1 km SRH can be substantially higher in this region than either across the
river in the valley or even atop the plateau. Finally, 0-1 km SRH is often greater atop Sand Mountain
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than in the valley (away from the base of the plateau) in cases where the upstream value of FrH
exceeds unity and when the overall surrounding environment is favorable for tornadoes.
As discussed in Section 5.2.4, the analysis presented in this dissertation began with two
primary hypotheses: (1) low-level flow acceleration over the plateaus in tornadic environments may
lead to increased SRH atop the plateaus and (2) LCL heights are lower atop the plateaus than across
adjacent lower elevations, particularly in the Tennessee Valley. The results of this analysis show a
strong tendency for LCL heights to be lower atop Sand Mountain than in the Tennessee Valley. How
SRH varies between the surface of the plateaus and the adjacent Tennessee Valley is less clear. The
limited observations available for this analysis suggest that SRH does tend to be higher atop the
plateaus than in the valley in environments that are already favorable for tornadoes, thus increasing
overall favorability for tornadogenesis atop the plateaus when the larger-scale environment is already
generally supportive of tornadoes.
These results indicate that a simplified, overarching hypothesis can be developed for how the
plateaus of northeastern Alabama may impact tornadogenesis patterns in northeastern Alabama:
As the overall meso-β-scale environment surrounding the plateaus of northeastern
Alabama becomes more favorable for tornadogenesis, the environment atop the
plateaus becomes even more favorable than surrounding locations.
This increased magnitude of favorability is driven by (1) the overall consistent tendency for lower
LCL heights atop the plateaus and (2) the tendency for the plateau-valley SRH difference to increase
with increasing overall environmental favorability for tornadoes. The relationship between SRH
change and environmental favorability is likely linked through the relationship between FrH and lowlevel stability and wind shear. Doppler wind lidar and balloon comparisons from the VORTEX-SE
deployment on 5 April 2017 show that as the low-level flow increased through the day, the difference
in low-level flow magnitude between Sand Mountain and the Tennessee Valley increased, with
stronger low-level flow atop Sand Mountain. This increase in low-level flow over the plateau also
corresponds to an increase in 0-1 km SRH relative to the Tennessee Valley. The absolute maximum
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in tornadogenesis favorability may be along the northwestern portion of Sand Mountain, just atop the
plateau from the northwestern slope. While several detrimental effects of the downslope wind
enhancement are discussed in Chapter 7, observations from 19 March 2018 indicate that the increased
horizontal wind acceleration into the enhancement likely begins atop Sand Mountain, several
kilometers upstream. This region roughly coincides with the most favored region for tornadogenesis
reports within the SCS itself, along the northwestern-most 5 km of Sand Mountain.
This hypothesis has two important pitfall scenarios: (1) when FrH is imaginary and (2) when
FrH becomes very large (approximately >5). In imaginary FrH cases, 0-1 km SRH is typically
observed to be higher in the Tennessee Valley than atop Sand Mountain. When FrH is very large, the
relationship between and environmental favorability for tornadoes (as assessed through STP) breaks
down. Very high FrH cases often exhibit pathologies to tornadic favorability, most often either
through weak convective instability or poor low-level water vapor content.
It is also important to clarify that the results presented in this paper only relate to the nearstorm environment and not directly to storm evolution. Future work must also serve to bridge the gap
between observed environmental changes in northeastern Alabama and how those changes may or
may not directly impact storm evolution, including whether or not these environmental changes may
be linked to the observed increase in tornadogenesis reports atop the plateaus that exists in the
statistical dataset presented in Fig. 3.1.
Even with the limited number of observations and numerical simulations, this dissertation
may serve as a useful first step to aiding in operational understanding of how the SCS may modulate
tornadogenesis potential. While many of the linear regression relationships presented are based on
very small sample sizes, they still show significant tendencies for favorable SRH enhancement atop
the SCS to be correlated or related to (i) FrH > 1 (Fig. 7.2) and (ii) STP > 1.5 (Fig. 7.3) upstream at
Anniston, while cases with imaginary FrH or FrH < 1 tend not to feature favorable SRH enhancement.
The importance of these findings may be as much about reducing tornadogenesis concern for
extremely marginal environments as it is about raising awareness of potential SCS enhancement of
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tornadogenesis probability. While LCL heights are nearly universally more favorable for
tornadogenesis atop the SCS (Fig. 5.20), cases in which tornadogenesis probability is most likely to
be maximized atop the SCS are cases where the background environment is already supportive of
tornadoes. The corollary to this is that cases where the background environment is not generally
supportive of tornadoes are not likely to lead to SCS tornadogenesis simply by SCS-forced
environmental enhancement. In other words, forecasters do not likely need to be overly concerned
about sudden tornadogenesis in storms reaching the SCS that do not have any recent tornadic history
and are not in a background environment supportive for tornadoes. However, in cases where the
background environment is supportive of tornadoes, a storm approaching the SCS should be given
special attention in a warning environment, even if that storm is in a period of dormancy with regard
to tornado production.
Furthermore, it bears emphasizing that the relationship between increased environmental
favorability for tornadogenesis atop the northeastern Alabama plateaus and the characteristics of the
surrounding environment remains a hypothesis. The observational datasets presented in this
manuscript comprise small sample sizes of data, but yet immensely larger than in any previous study
of the role of terrain on severe storms. In order to verify the results presented in this dissertation and
to achieve a more complete understanding of how the near-storm environment in northeast Alabama
may be tied to the underlying topography, numerous additional observations must be gathered and
numerical simulations of tornadic environments must be undertaken.
In the end, this dissertation represents the development of an understanding of what questions
really must be posed when considering the role the SCS may play in tornadogenesis potential and
offers some clues into potential answers to a few of those questions. Very little was known or
understood prior to embarking on this study, other than the appearance of storms tending to intensify
rapidly upon reaching the SCS. The work presented represents as much an effort to identify the
processes that could theoretically be leading to greater potential for tornadogenesis atop the SCS
relative to surrounding areas, which of those processes are the most likely contributing factors, and
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which processes are the most tenable to study through observations as it does an effort to actually
gather those observations. Initial deployments in the SCS often featured widely varied deployment
strategies in order to gather information on numerous hypothesized features and to gather data in
various configurations across the terrain system (e.g. to examine north-south variation or to focus on
variations along the northwest slope of Sand Mountain and in the Tennessee Valley). One crucial
error in the collection of field data was in not prioritizing data collection upstream of the SCS (i.e.
south of Lookout Mountain), which necessitated the use of RAP soundings in this study.
Additional research of the SCS and its impact on severe storms is strongly encouraged. As
stated above, the results of this dissertation lend themselves merely to a refined hypothesis, supported
by the limited observations and numerical simulation results presented herein. To truly understand
the magnitude of the impacts the SCS has on tornadic storms, far more observations and numerical
simulations will be necessary. Future observational experiments should aim to utilize consistent
deployment strategies and including data collection south of Lookout Mountain, long-term surface
and profiling observations at consistent locations, and an increase in storm-targeted observations.
Additional numerical simulations should include both idealized simulations and real case events.
These simulations would likely lead to the most complete understanding possible of the impacts the
SCS may directly have on storms and how readily the modifications observed in the near-storm
environment are actually able to act on potentially tornadic storms.
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APPENDIX

PUBLICATION INFORMATION

Much of the material presented in this dissertation has been published or is in the process of being
published in two peer-reviewed manuscripts. The first manuscript (Lyza and Knupp 2018; hereafter
LK18) describes the background and motivation for studying the SCS and details the pre-VORTEXSE observations. LK18 comprises a portion of Chapter 1; a portion of Section 2.2; all of Section 2.3;
all of Chapter 3; all of Section 4.1; all of Sections 5.1, 5.2.1, 5.2.2, an 5.2.3; and a portion of Chapter
8. The second manuscript (Lyza et al., in revision) analyzes the field observations gathered from the
SCS. This paper comprises a portion of Chapter 1; all of Section 4.2; all of Sections 5.2.4, 5.3.1,
5.3.2, and 5.3.3; a portion of Chapter 7; and a portion of Chapter 8.
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